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ABSTRACT
Thunderstorms were observed with a 10 cm radar during the summer
of 1963. The radar observations of seven thunderstorm situations which
occurred in June were analysed and studied in conjunction with the rou-
tinely observed and analysed synoptic data. Each thunderstorm case was
described separately and the most general characteristics were presented
and discussed.
The following features were noted:
1) The storms in all seven cases formed in well defined areas,
which were determined by frontal convergence, seabreeze convergence, or
local topography.
2) The echoes were composed of a number of sub-cells, which grew
and decayed in a cycle similar to.that described by Byers and Braham
(1949). The larger echoes, termed storm complexes, had life periods of
the order of several hours and seemed to pulsate as the sub-cells grew
and decayed. It is implied that the sub-cells are composed of even
smaller cells or currents that have much shorter life periods.
3) The storms of this study reached their maximum intensity during
the mid-afternoon while the surface heating was at a maximum.
4) In all the cases where storms moved eastward to the coast, they
lost intensity and dissipated as the coastal region was reached.
5) The storm motion was determined by the mean wind flow through
the level through which the storm extended.
The SCR 615-B (10.7 cm) radar is considered an effective tool for
studying the structure of thunderstorms; however, its poor resolution
averages out a large amount of detail.
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Title: Assistant Professor of Meteorology
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I INTRODUCTION
The violent thunderstorm with its high winds, torrential rain, thun-
der and lightning presents one of nature's most spectacular displays.
Such storms are capable of expending tremendous amounts of energy and
thus present a very real hazard to many of man's endeavors. Thunder-
storms have long been observed and have provided the subject for exten-
sive studies by many investigators who have utilized various techniques
for their investigations. The joint Air Force, Navy, National Advisory
Committee for Aeronautics and Weather Bureau Thunderstorm Project pro-
vided a great wealth of detailed information concerning thunderstorms.
This project was carried out during the years of 1946-47 in Ohio and
Florida and resulted in a comprehensive model of the storms which occur
in those areas (Byers and Braham, 1949). The continuing interests in
cloud physics and the pressing need to develop effective techniques for
forecasting local severe storms have spurred on efforts to secure a
better understanding of the physical characteristics which lead to the
development and maintenance of convective storms.
The mesoscale structure of thunderstorm circulation has been ex-
plored in great detail in the last decade (For summary see Fujita, 1963).
The National Severe Storms Project (NSSP) has completed a specially in-
strumented surface network in two densities so that the necessary data
for investigation of small scale disturbances may be obtained (Fujita,
1962a). Aerial photography at high altitudes as well as cloud photographs
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from meteorological satellites have been used to study the three dimen-
sional structure and patterns of clouds (Fujita, 1962b; Fujita and Arnold,
1963).
Weather radar plays an important part in the analysis of convective
storms because of its ability to map the three-dimensional field of
liquid and solid water content over a large volume in a short period of
time. Thus, radar is a tool which may be used to determine information
about the structure and intensity of convective cells and their changes
with time. In the past years many studies have been directed at the
identification of severe convective storms by means of radar observations.
Donaldson (1958 and 1959) has studied New England thunderstorms and re-
lated height and intensity of radar measurements to point observations
of surface weather. Inman (1961) studied Texas thunderstorms in a simi-
lar manner. Ludlam and Browning (1960), Ludlam (1962), Staff Members NSSP
(1963), and Browning (1963) are some of the investigators who have used
radar observations in combination with other meteorological observations
to study individual storms in varying degrees of wind shear. Studies
such as these have been the basis for the development of several storm
models.
While interesting results may be derived from the study of radar
observations, care must be exercised in considering the inherent errors
which are possible in interpreting radar data. For instance, Bailey
(1962) found in his study of the vertical characteristics of New England
thunderstorms that attenuation of 3 cm radar signals casts serious doubts
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as to the validity of quantitative measurements taken with radars op-
erating in this wavelength range. The assumption of Rayleigh Scattering
is less valid for radiation of shorter wavelength since the approximation
oniy holds accurately for all particle diameters less than or equal to
0.06 of the wavelength (Atlas 1963). Radars utilizing longer wavelengths
(10 cm) are not affected by attenuation except, possibly, in the most
severe cases.
This study may be considered an extension of Bailey's study of the
vertical structure of New England thunderstorms. The purpose is to ex-
plore the characteristics of New England thunderstorms with the aid of
10.7 centimeter radar. In general, an attempt is made to describe some
of the significant features of the storms as viewed on the vertical and
horizontal presentation of the radar in light of the routinely observed
large scale properties of the atmosphere.
There are many significant features which should be considered in
describing convective storms, and Ludlam (1962) has pointed out some of
the most important. It is of interest to review these features here.
The following is quoted from Ludlam, 1962, page 1:
(1) The storm origin (the processes leading to the
release of the convection from within or above the surface
layer, and the part played by topography).
(2) The storm development (the dimensions, movement
and grouping of individual and complex storms).
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(3) The storm severity: the air flux and speed in
the down draughts (squall speed at the ground) and :in the
up draughts (rate of rise of individual cloud and radar tops;
peak heights of tops, especially in relation to the. tropo-
pause), and related propertieS: hailstone sizes and dis-
tribution, rainfall rates and amounts, radar echo intensities,
lightning discharge rates, and tornado occurrence and location.
(4) The storm environment: The distribution and pro-
perties of the surface cold-air outflow; the distribution of
wet-bulb potential temperature in the inflow; the distribution
of wind, temperature and wet bulb potential temperature with
height in the surroundings of the storm, and the large scale
synoptic situation.
The scope of this study does not allow a careful, detailed evalua-
tion of all the items listed above, and the observational network is
not sufficient to show many of the convective scale parameters. Thus,
those features which may be determined from the radar presentation and
the routinely observed and analyzed synoptic data, are studied and de-
sc!ibed. The similarities and differences between individual storms and
storm cases are discussed and compared to the findings of other investi-
gators.
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II THUNDERSTORM MODELS:
Many authors have summarized their ideas about the distributions
of air-flow, moisture content and precipitation associated with cumulo-
nimbus clouds in the form of models. Some of the more interesting of
these models are presented here as a basis for comparison with the re-
sults of this study.
Fig. 1 (Ludlam, 1963) shows some of the earlier models which have
been proposed. The concepts that form the basis for these models were
not deduced from actual quantitative measurements of the storms, since
prior to World War II the equipment necessary for such observations did
not exist or was not available for research purposes. During the war
research projects were carried out which were directed at solving bad
weather flying problems, and after the war the rapid growth in commer-
cial and military flying stimulated further research aimed at reducing
the hazards to flight caused by weather. One of the most notable studies
to receive its stimulus in this manner was the Thunderstorm Project car-
ried out in 1946-47. This massive effort produced the first quantitative
measurements of the distributions of up- and downdrafts, temperature and
types of precipitation from a systematic exploration of thunderstorms
(see Byers and Braham, 1949). The results tended to support the earlier
concepts rather than to modify them; however after careful analysis of
this data Byers and Braham were able to formulate a highly successful
thunderstorm model (see Byers and Braham, 1949, or Petterssen, 1956 for
complete discussion). The following dOscription of the three stages
of the Byers and Braham model is summarized from Petterssen, 1956 (see
Fig. 2).
In the developing stage (cumulus stage) a general updraft exists
throughout the cloud which builds up at an appreciable rate. The core
of the cloud is warmer than the environment and the updraft increases
with height. During this stage the precipitation particles are small
enough to be suspended or lifted by the updraft, and in most cases the
early stages of development cannot be detected by radar. As the cloud
continues to develop, the solid and liquid water accumulates in the
storm until the updrafts can no longer sustain them. Precipitation
then begins to fall from the cloud.
The mature stage begins when rain first falls from the base of the
cloud. The frictional drag exerted by the falling hydrometers within
the cloud retards the updraft and initiates the downdraft, which will
be accelerated through thermodynamic processes. During the mature stage
regions of updraft and downdraft exist side by side, but the downdraft,
which is normally started in the vicinity of the freezing level, grows
vertically and horizontally and soon overcomes the updraft. The up-
draft reaches its greatest strength (locally in excess of 25 m/sec) in
the early part of the mature stage. The downdraft is usually less in-
tense and reaches its maximum strength in the lower part of the cloud
then decreases toward the earth's surface where its cold air spreads
horizontally in a region of divergence.
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In the dissipating stage the downdraft has spread horizontally
and occupies the major portion of the cloud. There is no source of
water vapor to feed condensation, therefore the liquid water within
the cloud evaporates to maintain cloud saturation. Steady rain usually
persists and the cloud is generally colder than the environment. The
down drafts end as the temperature of the cloud becomes equal to that
of the environment, and the cloud spreads into irregular stratified
layers.
The basic form of this model has been widely accepted, yet it is
highly simplified and individual storms are usually very complex and
vary from the simple model. It was also recognized by Byers and Braham
that had their operation been carried out in the mid-western states
where the frequency of hail is much higher, they might have observed
much stronger updrafts.
In recent years a great deal of research has been directed towards
the development of models which will explain the interior anatomy of
large, long lived, hailstorms that occur frequently in the middle lati-
tudes. Much of this study has been carried out by the National Severe
Storms Project (see NSSP Reports, 1 through 8, or for a summary, Staff
Members, NSSP, 1963).
Browning and Ludlam (1960) used the detailed radar and ground ob-
servations of a particular hailstorm that occurred in England to refine
a model of the airflow within a traveling storm. This storm was sur-
veyed by 5 radars using wavelengths of 3.3, 4.7 and 10 cm. It moved
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from the southwest at 35 knots along a cold frontal zone in which the
surface wind was northeasterly at 15 knots and the wind in the upper
levels near the tropopause was southwesterly at 70 knots. The storm
persisted for several hours, and during an intense phase which lasted
3/4 hour hail stones of golf-ball size fell almost continuously, the
radar top reached a maximum height of 44,000 feet, and the 3.3 cm radar
7.1 6 3
observed echo intensity of Z = 10 mm /m at heights near 25,000 feet.
Browning and Ludlam's model is shown in Fig. 3. Here the updraft
is shown tilted at an angle of about 45 degrees to the horizon with air
entering in the low levels from the northeast. The tilted draft allows
rain to fall from the updraft and not impede its upward motion, while
at the same time the precipitation induces a downdraft. The model shows
air entering the rear of the storm in the middle troposphere, descending
in the downdraft, and leaving the storm as a northeasterly current near
the surface. The circulation allows the updraft and downdraft to exist
together in an organized manner which allows the storm to maintain itself.
Further, the intense updraft provides a mechanism which recirculates small
hail stones until they reach a size which can no longer be supported by
the draft.
Donaldson, (1962) finds many of the same characteristics in his
study of a tornado-producing thunderstorm observed near Geary, Oklahoma.
This storm also lasted for a period of several hours and appeared to be
formed of several intense cores with an average trajectory of approximately
245 to 250 degrees. The winds at 850 mb were 185 degrees at 45 knots and
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260 degree at 55 knots at 250 mb.
Browning, (1963) has presented a three dimensional model for per-
sistent convective storms which he feels represents the complex inter-
actions of air motion and precipitation development of storms within
strongly sheared environments where there is appreciable wind veer with
height (see Fig. 4).
With all the study of large thunderstorms, the present knowledge
of their interior structure is still somewhat vague. The arrangement
of the main updrafts and downdrafts can only be inferred, since direct
measurements of wind velocities inside such storms are almost nonexistent.
Doppler radar offers a means of deducing motions in convective clouds,
however, its use is largely experimental at the present time (see Probert-
Jones, J.R., and W.G. Harper, 1961; and Atlas, 1963). Therefore, the
continual analysis and study of radar and cloud photographs are valuable
in deducing the internal structure and characteristics of thestorms.
The resulting models may be joined together in a more or less compre-
hensive model or, on the other hand, it may be found that there is a
spectrum of models which exhibit similar characteristics. In either
case any satisfactory model must be consistent with the basic laws of
physics. The mass, momentum and energy budgets of the storm-environment
system must be balanced.
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III THE DATA
A. Radar Observations
The Scr 615-B and AN/CPS-9 weather radars located at Massachusetts
Institute of Technology (42022'N, 71006'W) and operated by the M.I.T.
Weather Radar Project were used to collect the data for this study. The
SCR 615-B radar was the primary observational tool since its greater
wavelength practically eliminates errors that result from attentuation.
Range-height indication (RHI) and plan-position indication (PPI) were
available for the SCR 615-B radar. Data were also collected on the AN/
CPS-9 radar as a source of "fill in" information for continuity and co&-
parison between the radars. The basic radar parameters for both radars
are listed below:
SCR 615-B AN/CPS-9
Wavelength 10.7 cm 3.2 cm
Beam width to one 3 degree conical 1 degree conical
half power points
Antenna gain 33 db 41.6 db
Transmitted powerO 450 kw 250 kw
Pulse Length 450 m 120 m (short)
* Gain (db) = 10 log 1 0 - where I is the intensity of power per unit
0
area at the center of the beam formed by the antenna and I is the power
per unit area for an isotropic radiator.
0 Transmitted power varied through the period of observation.
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The most significant data collected during this study were in the
form of radar averaged range-corrected signal intensity contours. The
instrumentation which provides these contours has been described by
Kodaira (1959). Iso-echo contours can be displayed directly on the RHI
and PPI SCR 615-B radar displays and photographed on 35mm film. The
PPI display can be photographed with a cinematograph camera, which is
incorporated with an automatic stepping switch that changes the intensity
level of each successive scan of the antenna. A complete set of iso-
echo contours can be obtained every three or four minutes. All of the
PPI data were taken in this manner with the display range set at 120
miles and the antenna elevation at one degree. By operating the equip-
ment manually, the same type of contours could be recorded from the RHI
display. The antenna was lined on the desired azimuth and allowed to
scan vertically through the convective storm. The resulting RHI display
was photographed by means of a hand operated 35 mm canera. The RHI dis-
play height scale extends to 35,000 feet (The camera case cuts off approxi-
mately the first 1000 feet.) and may be adjusted for ranges of 25, 50,
75 and 100 miles. Thus, iso-echo contours with approximately 5 db dif-
ference between the intensity levels were recorded to provide a vertical
and horizontal description of the storms, (see Fig 5a for example).
Two other methods were used to obtain the RHI display, although
not to the extent that the iso-echo contours were used. The signal level
* A Decibel is a unit for expressing the ratio of two amounts of power.
In this case 5 db equals 10 log 0 times the ratio of amounts of power at
the two intensity levels.
-12-
quantizer described by Niessen and Geotis, (1963) was used in a few cases
to provide a simultaneous display of several levels of intensity in the
vertical. Fig. 5b shows an example of this type of display. This method
results in a great time savings, since the antenna need scan the storm
only one time to obtain a complete set of intensity levels in contrast
to the iso-echo procedure which requires one scan for each intensity con-
tour. Unfortunately, relatively few observations were taken utilizing
this equipment, largely because of the experimental uncertainty of the
measurements and the difficults in switching circuity. However, this
procedure appears to hold great promise as the equipment becomes more
reliable and the technique for using it is improved.
Finally some RHI cross-sections were observed from the normal pre-
sentation where the signal is not averaged or range corrected. These
observations are not as desirable because they are subjected to error
from various sources and there is no routine calibration of the returned
signal. Only a small amount of data of this type was taken and that
was largely of one storm period. The errors resulting from this procedure
will be discussed further, later in this section.
B. Method of Taking the Observations:
The object of this study is to describe convective storms by use of
10 centimeter radar, and therefore most of the data had to be taken with
one radar. This requirement made it necessary to divide the time for
observing the vertical and horizontal planes. It would be desirable to
have data continuously in both dimensions, but this is not possible with
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one radar. Bailey (1962) operated the SCR 615-B in continuous search,
while he obtained vertical presentation by use of the AN/CPS-9 RHI dis-
play. This technique was not satisfactory, since error that resulted
from attenuation of the AN/CPS-9 signal made it difficult if not im-
possible to combine the data. The most satisfactory results for this
study were obtained by taking a series of PPI photographs on the SCR 615-B
at intervals of approximately 10 minutes and using the remainder of the
time to collect RHI data of the most interesting storms. Data taken in
this manner can be integrated together to provide continuity through the
storm's life period. This procedure was not followed through the whole
observational period, especially during the earlier part, because of in-
experience in observational technique, and the necessity to collect data
in other forms for other Project Studies.
It is almost impossible to visualize the structure and motion of
groups of storms from RHI data alone, and on the other hand the vertical
structure cannot be visualized from horizontal scanning procedure unless,
of course, the elevation angle of the antenna is increased after each
successive scan. Many investigators have employed the latter technique,
yet it is quite time consuming. The method of combining RHI and PPI pre-
sentations appears to be satisfactory.
On days when thunderstorm activity was expected, both radars were
monitored for initial storm detection. In many cases storms were occurring
at the time the radars were turned on, or they moved into the radar range
and their initial occurrence was not observed. Due to the low resolving
characteristics of the SCR 615-B, storms must be fairly well developed
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before they are visible, therefore the AN/CPS-9 is helpful in this area.
The normal procedure for taking RHI data was to watch the PPI scan
for initial storm appearance and upon detection center the beam on the
most intense portion of the echo for the sequence of pictures. One se-
quence required from one to three minutes depending on the intensity of
the echo. This time requirement made it impossible to follow the history
of more than three of four storms at one time. The simple single or dou-
ble celled storms could be followed with ease, but the more complex areas
of activity were much more difficult. For instance it is almost impos-
sible to follow individual cells in an active squall line, or in the large
congregation of cellular activity which will be referred to in this report
as a thunderstorm complex. It is possible to follow the overall complex,
or in the case of a squall line, the larger groupings which are found
within the line. The individual cells intermingle in such a inextricable
manner, that it is most difficult to follow their life period even with
continuous scan sequences on the PPI display. To observe the more com-
plicated groups of cells the antenna was aligned through the most intense
part of the complex and in many cases several slices were taken through
the complex to ascertain the general overall structure rather than at-
tempting to indentify individual cells. In following these rapidly
changing thunderstorm complexes more emphasis was placed on the PPI pre-
sentation to determine continuity of cell life and motion
The use of the signal level quantizer results in a large savings of
time over the iso-echo procedure, since only one vertical scan is necessary
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to produce the complete cross-section, while a scan for each contour
level is necessary to obtain an iso-echo cross-section. Thus, by using
the signal level quantizer several cross-sections may be taken at dif-
ferent azimuths through a complex in the same time period required for
one iso-echo cross-section. At present, however, measurements with the
iso-echo circuity are considered more trustworthy, but if the signal
level quantizer is developed to the same degree of reliability it will
be the more effective device for observing the large complexes. Figs.
13 and 14 show series of cross-sections taken at approximately 2 degree
intervals across a large complex of storms.
C. Possible Errors
Variation of the Radar Characteristics
The values of the various parameters which appear in the radar equa-
tion have been determined for the SCR 615-B and AN/CPS-9 by direct mea-
surement (Austin and Geotis, 1960). The measurement of individual para-
meters are probably better than one db with an overall accuracy for the
equation of approximately 2 db. The radar receiver characteristics were
calibrated frequently during storm periods and errors can be corrected,
therefore, they are expected to be of a minor nature.
Errors as a Result of Attenation
Errors as a result of attenuation can lead to very severe under-
estimates of the echo reflectivity when shorter wavelength radiation is
used. For example, by applying the constants compiled by Gunn and East
(1954), 3.2 centimeter radiation is found to be attenuated 10 db for
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each round trip mile traveled in 100 mm/hr rain at 180C or, in other
words, it would suffer a 90 percent power loss. Under the same circum-
stances 5.7 cm radiation would be reduced 30 percent, while 10 cm radia-
tion is decreased only 2.3 percent. Therefore, in this study where prin-
cipally 10.7 radiation was used, attenuation will present a difficulty
only in the most extreme cases or when 3.2 cm radiation data was used
for supplementary purposes.
Errors Due to Resolution
The resolution of a radar system is limited by several factors, of
which, the most important are the angular width of the beam and the pulse
length. A complete study of how these factors affect the radar display
is presented by Bent, Austin and Stone (1950). Generally the finite length
of the radar pulse may cause distortions in the radial dimensions of the
echoes and determine the limits of resolution of range measurements. Be-
cause the length of the transmitted pulse does not change with range, these
errors are the same regardless of the echo distance. On the other hand,
the angular spread of the beam increases with range and distortion which
results from a finite beam will increase with range. Distortions which
result from the finite beam width are the most significant to this study.
There is a loss of structure detail as the sampling volume of the
radar increases. This volume is given by:
V = 7 (r /2)2 h/2
Where r is range, h is pulse length and 9 is the beam width (between half
power points). The pulse length for the SCR 615-B is 450 meters and is
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small in comparison to the radius of the beam (r 9/2) which is 2100 meters
at 50 miles. The radar displays the averaged signal of all the reflectors
embedded in the sampling volume, and consequently, if several intense cores
are contained together with a distribution of weaker reflectors in the
sampling volume, an average intensity will be displayed by the radar.
Thus, the cores will not be detected. Donaldson (1961) has examined the
range distortion which results from the increase in beam width with range
and describes it is the following manner: "Tight gradients are loosened
up, and maxima and minima are rounded off and 'weathered down' or 'filled
in' in a way quite analogous to the aging of geologic structure." (Donaldson,
1961, p. 166) Fig. 7 taken from Donaldson's work shows this effect on a
strongstorm observed by CPS-9 radar.
The SCR 615-B with its 3 degree conical beam has a fairly poor re-
solving power. There is, of course, no way to correct this deficiency
short of redesigning the system, therefore the limitations of the scale
of presentation must be recognized. In fact, the lack of detail is advan-
tagous in many cases, because the structure is less complicated and its
changes with time can be followed. Fig.17 shows an AN/CPS-9 and a SCR
615-B contour tracing for comparison. The difference in complexity is
evident, and the futility of following an individual core for any period
of time on a series of AN/CPS-9 tracings is pointed out. Furthermore, in
the case of the AN/CPS-9, strong echoes saturate the display and the most
intense cores cannot be found even at maximum attenuated signal strength.
This is not to imply that high resolution 10 centimeter radars are
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not to be desired; indeed they are, but it is recognized that there are
varying scales of cellular structure and the precision of the equipment
will limit the ability to observe them at some point along the spectrum.
For instance, Geotis (1961) reported the observation of "hail spikes"
on the R-scope of the AN/CPS-9. These echoes are interesting, yet they
are difficult if not impossible to isolate and study with existing equip-
ment.
The wide beam in the vertical leads to errors in maximum tops in
the same manner that echoes may be elongated on the PPI display. If the
reflecting qualities in the top of the storm are poor, the echo may be
an underestimate, or, if the reflectors are intense, the tops may be over
estimated (For complete discussion see Bent, Austin and Stone, 1950).
Also as the beam approaches the horizon increasing amounts of radiation
are blocked by the surface which results in the "chopping off" of the
intense cores at a height roughly equal to half the beam width, When the
SCR 615-B beam is directed at one degree elevation, one db of total power
is lost and 0 degrees elevation, roughly 3 db of total power, is lost.
Thus, if the power reflected from a core is just above the value necessary
to "trigger" a given contour level, a loss of one to three db will be
sufficient to cause it not to be shown. This effect can easily be re-
cognized and accounted for in analysis. Errors that may occur in storm
top measurements are not readily isolated and corrected, therefore the
absolute value storm heights could be in error as much as half the beam
width.
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Uncertainty Resulting from the use of SCR 615-B Step-Gain Procedure
As stated before some RHi data was taken with the SCR 615-B utili-
zing the normal step-gain procedure. The return signal is neither aver-
aged or range corrected and there is no routine calibration of the gain
levels. It is possible to determine the power difference between gain
levels, but the minimum detectable signal cannot be determined from cali-
brations; thus it is necessary to compare gain levels with the PPI iso-
echo contours, which are calibrated routinely, to determine the absolute
reflectivity value. The procedure followed was to select RHI cross-
section (prepared from step-gain pictures) and the closest iso-echo con-
tour tracing and compare the intensity levels. After comparing several
cases it was possible to determine the reflectivity values of the various
gain levels. The accuracy of reflectivity, gasurements obtained in this
manner is probably + 7 to 10 db. The step-gain procedure was not used in
many cases, except for the observations taken on the 8th of July.
D. Synoptic Data
The regularly transmitted facsimile and teletype data were used to
study the large scale synoptic situation. Upper air soundings from La
Guardia Airport, New York, N.Y. (LGA), Albany, New York (AlB), Nantucket,
Mass. (ACK) and Portland, Maine (PWM) (see Fig. 23 for station location)
were used to determine the wind flow and stability conditions of the en-
vironmental air. In some instances local upper air soundings were taken
from MIT during the time that storms were occurring. This is a definite
advantage since the soundings from other stations are taken every twelve
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hours and may not be representative of the conditions that existed while
the storms were in being.
E. Data Reduction and Analysis
The first step in the analysis program was to survey the film records
of contour data to determine the days for which adequate information for
study existed. Seven days (28 June, 8, 14, 18, 25, and 29 July) were se-
lected for detailed examination. The data for these days varied in its
completeness, but they all offered interesting cases.
The PPI contours for each of the selected days were traced from the
film to standard sized maps (PPI image enlarged to 9 inches) which may
be superimposed so that motions and changes in structure can easily be
observed. While the majority of these data are taken from the SCR 615-B,
holes in the continuity are filled by AN/CPS-9 data when it was available.
Normally the PPI tracings were constructed at intervals of approximately
10 minutes, but in some cases, where RHI data was not available or the
motion of cells was at particular interest, shorter intervals were used.
The RHI contours were enlarged and traced on 81 x 11 inch tracing
paper to provide vertical cross-sections of the storms, The cross-sections
were then arranged in chronological order according to the individual
storms or storm complexes. Then they were related to the PPI maps to
give a three dimensional picture from which it was possible to follow the
life history of the storms.
To provide a standard for comparison between the storms within this
study and with the results of other investigatbrs, the contour intensity
levels were converted into terms of the reflectivity factor Z (mm /m3 ).
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The converted value is actually the equivalent reflectivity factor since
it is computed under the assumption that the Rayleigh approximation holds.
For 10.7 centimeter radiation there will be less difference between the
two values because the Rayleigh approximation holds for all D < .06X ( D
is particle diameter, X is wavelength). Thus, from this relation particles
may be as large as 0.642 centimeters before the approximation breaks down.
Therefore, the approximation is good for particle distributions with cross-
sections less than small hail stones ( j inches in diameter). In all the
conversions the Z values the complex dielectric constant for water (0.93)
has been used. This assumption leads to no problem for the PPI contours
where the antenna was directed at one degree elevation, because for the
most part the volume sampled will be below the freezing level, except at
great distances, and contain distributions of water droplets. This will
not be true for the RHI cross-sections where the upper portions of the
storms could well be expected to contain particle distributions in the
form of ice. There is, however, no clear cut boundary which defines the
area where ice particles may be expected to exist in convective storms as
there is in stratiform cases where the "bright band" provides an obvious
separation. It is also known from aircraft penetrations that large amounts
of liquid water exist in the upper portions of thunderstorms. A reasonable
assumption would be that the distribution of particles above the freezing
level is made up of water in the liquid and frozen state, with the con-
centration dependent upon the severity of the vertical motions within the
storm. Therefore, since no clear guidance is available as to where the
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change over should be made, the dielectric for water was used throughout.
Many investigators have arrived at empirical relations between the
reflectivity factor ( Z, mm 6/m3 ), rainfall rate ( R, mm/hr ) and liquid
water content ( M, gm/m3 ). In fact, it has been said that there are al-
most as many empirical relations as there are authors on the subject (For
complete discussion and list of relations see Battan, 1959 or Atlas, 1963).
The relations proposed by Marshall and Palmer (1948) were selected for use
here: Z = 20OR 1.6  (R,mm/hr)
Z = 24,00M1.82 (M, gm/m3
These relations are probably as reliable as any of the others. Atlas, (1963)
gi-res an order of magnitude of + 50 per cent standard error of precipitation
rate for estimates from measured Z if above relation is used. Geotis, (1961)
has shown that rainfall rates in excess of 100 mm/hr are indicative of hail
and therefore the relation is expected to break down for rainfall rates
above this value. It may be seen from Fig. 6, plot of several expressions
of Z verses R, that there is very little variation in the rainfall rates
for the expression between the values of 10 - 100 mm/hr. Certainly the
variations from one expression to another is no greater than the estimate
of standard error.
The PPI contours were converted to lines of equal rainfall rate with
1.6
the expression Z = 20OR . There is roughly 5 db separation between the
contours which corresponds to a factor of two in rainfall rate. The rain-
fall rate for the area bounded by two contours was taken to be the mean
between the boundary values. The area within the contours was estimated
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by superimposing small squares over the contour tracing of the storm,
and counting the squares. Using the estimated area and the average rain-
fall rate between the contours, an estimate of the total rainfall rate
for the storm or storm complex at the time of the PPI map was obtained.
Now where the contour maps cover the entire life of the storm (approxi-
mately 10 minute intervals) the total rainfall from the storm was estimated.
The RHI contours were converted to lines of equal liquid water con-
1.82tent by means of the relation, Z = 24,OOOM . This makes it possible
to estimate the liquid water content within the storm. It must be noted
that a large amount of the small particles around the outside edges will
not be detected by the SCR 615-B. For instance the radar seldom "sees"
the outflow of the cloud anvil unless the storm is within 20 miles of the
radar. Liquid water in regions of the storm which reflect signals below
the minimum detectable signal for the radar will not be counted. It is
also recognized that liquid water content estimates from the above relation
can be considered only as a rough approximation to the actual conditions
aloft. The Z-M relation was deduced from surface particle size spectra
and extrapolation to higher levels, where the particle distributions are
no doubt varying continuously with the vertical air currents, is generally
not valid. On the other hand it does offer a starting point or first approxi-
mation from which more reasonable particle distribution might be estimated.
Once the radar data had been transferred from the film to the contour
maps and the contour intensities reduced to the standard parameters (Z
values, rainfall rate and liquid water content), they were arranged in
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fol4ers by day of occurrence. The folder also contained the synoptic
history of the large scile phenomenon which led to the convective activity.
The storm days were further divided into two categories: (1) Air mass
storms resulting mainly from surface heating, local effects and insta-
bility; and (2) Storms which were the direct result of frontal activity.
The two categories served to divide the cases with respect to wind shear,
since cases where strong wind shear occurred were the frontal type with
the exception of the 14th of July when air mass showers were intensified
by the passage of a short wave trough through the area.
In the next chapter the individual cases will be described within
their major category.
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IV STORM CASE DESCRIPTIONS
This section contains a detailed description of each of the
thunderstorm situations which were studied. The first 3 days, 28 June,
8 and 18 July, are the frontal type, and the next four days, 14, 25, 28
and 29 July are the air mass type. The frontal cases are discussed first.
A. Frontal Cases:
Case I, 28 June, 1963
Synoptic Situation
At 0100 EST a weak quasi-stationary front extended from the Great
Lakes region across northern New York State, east southeastward through
Massachusetts and then out into the Atlantic Ocean as a cold front. The
Bermuda high dominated the lower level flow pattern along the eastern
United States and resulted in the northward progression of warm moist air
south of the front. The general surface features are shown in Fig. 8a.
The 0700 EST Albany, New York and Nantucket upper air soundings Figs.
8c and d give an indication of the vertical structure of the air mass.
Th moisture layer extended to the 300 mb level with an average wet bulb
potential temperature of 17 to 18 degrees C on the Albany sounding, while
the Nantucket sounding showed a dry layer of air between the 700 mb and
400 mb levels. The temperature lapse rate on both soundings was approxi-
mately moist adiabatic and the temperature curves follow the 19 to 20 de-
gree pseudoadiabats almost to the tropopause. The air mass was not ex-
tremely unstable, but the vertical moisture and temperature distribution
wat indicative of thunderstorm activity.
The upper level wind flow was weak from 280 to 300 degrees at 850 mb
and above. The maximum speed was from 40 to 59 knots in the level between
300 and 200 mb. Table 1 shows the winds for the New England area at 0700
and 1900 EST. The situation can be classified as a weak shear case.
Radar Observations
General
The radars were turned on at 1037 EST and at that time a few echoes
were showing in the northwest quadrant of the display at 100 miles. PPI
contours were photographed until 1215 EST during which time the cells be-
came more numerous, increased in intensity and showed no motion. By 1300
EST the cell nearest the radar was located at 292 degrees, 80 miles with
5.5 6 3
a maximum intensity of Z = 10 mm /m and tops reaching 42 to 44,000 feet.
The diameter of the cell was approximately 7 to 10 miles.
The cells were apparently forming in the frontal zone with all the
activity in the morning and early afternoon concentrated in the northwest
portion of the radar presentation. A cell was observed in the southwestern
quadrant at 1320 EST and by 1410 EST it had grown into a complex of cells
with the center of mass located at 220 degrees and 35 to 40 miles. The
radar display showed a loose line of echoes apparently located in the warm
frontal zone, and they showed a definite tendency to remain in this pre-
ferred area. This characteristic was notable throughout the period of
observation. The storm complexes were not observed out of the area approxi-
mately 10 to 25 miles wide and extending from the north northwest at 80
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to 90 miles to the southwest at 30 to 40 miles. A large number of small
individual cells appeared in the region shortly after 1400 EST as the
surface heating increased. This was probably the time that the low level
inversion was broken resulting in an additional triggering mechanism. By
1430 to 1500 EST the smaller cells appeared to be combined into a series
of complexes along the line as shown in Fig. 9. During the early after-
noon the maximum tops exceeded 40,000 feet and the diameters of the cells
ranged from 4 to 10 miles, however only a few RHI cross-sections were
taken during this time.
The line remained stationary through the afternoon until approxi-
mately 1700 EST, when the northern portion had largely dissipated and
the southern part was growing weaker and receding to the south. The storms
were most intense between 1500 and 1630 EST with maximum Z values of
6.3 6 310 mm /m , diameters of 8 to 10 miles and maximum tops greater than
45,000 feet. Hail occurred all along the line during the period of maxi-
mum intensity as shown by the plotted reports in Fig. 10. Hail reports
did not indicate continuous fall, but scattered short periods that corre-
sponded to the times of maximum intensity of the individual cells within
the larger complexes. The largest hail, li inches in diameter, was reported
in the southwestern complex at 1600 EST. These reports are not necessarily
completely representative of the actual hail fall, since they are made by
volunteer observers who are alerted by television and radio weather reports.
Further the area to the northwest is less populated and borders on the
fringes of the Boston area television and radio reception. The radar re-
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flectivities were indicative of more hail than was reported in the north-
western quadrant.
Motion of the storm complexes in the line was difficult to determine,
but generally the complexes in the northern region drifted slowly to the
south southeast, while the large complex in the southwestern portion of
the radar remained stationary until after 1700 EST when it moved slowly
southward. Movement of the cells inside the complexes could not be deter-
mined.
Description of Individual Complex
The thunderstorm complex which existed in the southwestern quadrant
was closest to the radar and more data was taken on the storms within it,
therefore its life period will be described here. The storms in this com-
plex appeared to be representative of those that developed all along the
line.
This complex maintained its identity for over 5 hours, however it
was made up of a larger number of sub-cells which had life periods on
the order of one hour. It was not possible to follow the small cells
through their complete life period and obtain an accurate time. The com-
plex was most compact in structure during its most intense period when one
cell appeared to dominate the others. Fig. 11 shows a series of PPI con-
tour maps and cross-sections across the complex while the most intense
cell persisted. The cross-sections are 10 minutes later than the PPI's
6.3 5.2 6 3
and apparently show a decrease in intensity from Z = 10 to 10 mm /m.
There was a break in PPI continuity between 1513 to 1538 EST and within
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this time the one intense cell was replaced by five cells with Z values
5.3 6 3 5.8 6 3
of 10 mm /m . At 1544 EST one cell had increased to 10 5 mm /m while
the others decreased in intensity. The complex seemed to surge, that is
one cell would grow and become more intense at the expense of the others
until it reached a maximum intensity, then it would decay rapidly and be
replaced by a number of weaker cells. There appeared to be only a given
amount of energy for growth which could be expended either by a few strong
cells, or by several weaker ones.
The intense cells within the complex appeared to produce hail during
their most intense periods. Reports of hail in the vicinity of the in-
tense cells between 1500 and 1615 EST were received. The storm, which
is shown in the cross-section taken at 1603-06 EST Fig. 12, was apparently
responsible for hail stones larger than lb inches. The stronger cell in
this cross-section was about 5 miles in diameter, reached a height of 45,000
5.8 6* 3feet, and had a core intensity of Z = 10 5 mm /m , while the weaker one
4.8 6 3
reached only 30,000 feet and had an intensity of Z = 10 mm /m . This
picture is fairly representative. The strong storms appear as tall spires
reaching heights of 45,000 feet or more while the weaker ones reach to
only 30 to 35,000 feet. The cells show no detectable tilt and the cores
appear to extend to the base of the storm. There is an upper level core
shown in Fig 12.
After 1600 EST the complex continually decreased in intensity. A
series of cross-sectiars taken at 1652 EST Fig. 13 shows the vertical structure
of the complex at angular intervals of approximately 2 degrees, and a similar
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series Fig. 14 taken at 1733 EST shows the decrease in intensity. These
cross-sections were the last taken of this complex, but the PPI data
showed a continual decay of the complex until only a few isolated echoes
were left while the main line of storms drifted approximately 60 to 70
miles south.
Additional Comments
The storms that occurred during this case exhibited a definite pre-
ference to form within a well defined area, which was assumed to be the
warm frontal zone shown on the large scale weather map. The individual
storms or cells that made up the line were joined together in large com-
plexes which contained as many as 8 to 12 cells. The cells did not appear
to have preferred regions of development in the storm complex. They seemed
to go through a life cycle somewhat like that described by Byers and Braham
(1949). A cell would build into its most intense stage then decay rapidly.
The time period could not be determined exactly but it appeared to be on
the order of one hour for the larger cells. The most intense cells devel-
6.0 6 3
oped intensities of Z = 10 mm /m , heights of 45,000 feet and diameters'
from 5 to 10 miles. The weaker cells varied from 1 to 5 miles across and
extended to 25 to 35,000 feet.
While the individual cells did not represent anything like a steady
state condition, the larger complexes did exhibit a somewhat quasi-steady
appearance and could be observed for hours. The complexes gave the im-
pression that they were pulsating or throbbing during a period of time.
This seemed to be caused by the tendency for one cell within a complex to be
more intense and to grow at the expense of the weaker cells resulting in a
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rather compact complex with only a few cells in the most intense phases
followed by a rapid decay of the intense cell and an increase in the
number of smaller cells.
Finally the storms appeared to derive their energy from the major
circulation through the frontal discontinuity with the period of maximum
intensity occurring during the time of maximum surface heating.
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Case II, 8 July 1963
Synotpic Situation
The major surface features as shown by Fig. 15a were a low centered
in southern Quebec, north of the Vermont an(! New Hampshire border; a
high pressure ridge extending from the Hudson Bay southward across the
Great Lakes; and a frontal system extending southward from the low center,
through New England and then to the southeast into the central United
States. The front moved slowly eastward during the period of radar ob-
servations.
The general vertical structure of the atmosphere over the New England
area is shown by the 1900 EST Albany, New York and Portland, Maine, sound-
ings (see Figs. 15c and d). Portland was located in the warm moist air
while Albany was behind the frontal position in the cooler dry air. Ac-
tually there was very little contrast in the temperatures across the front,
but the moisture was more abundant ahead of the front, where it extended
to the 300 mb level with an average wet bulb potential temperature of 16
degrees C. A moist layer existed behind the front, but the air was dry
above the 700 mb level.
The upper air flow over New England was under the influence of a
closed cold low pressure system centered at approximately 50 degrees
north, 70 degrees west in southwestern Quebec. The winds that were ob-
served by the New England sounding stations are tabulated in Table II.
The average winds over the area of radar coverage are 220-30 degrees,
20 to 30 knots at 850 mb level becoming 250-60 degrees, 70 knots at 500 mb.
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The wind at all levels, except 150 mb, backed and became south south-
westerly in eastern New England as the frontal system moved eastward.
Radar Observations
General
A well defined line of thunderstorms, apparently associated with
the occluded front shown on the surface chart Fig. 15a, moved across
New England during the time of radar observation. When the radars were
first turned on at 0611 EST, light showers were observed throughout the
display within a range of 60 to 70 miles. By 0900 EST the AN/CPS-9
showed a definite line in the northwest quadrant and the disappearance
of the weak scattered showers. The line was not well defined on the
SCR 615-B at this time, although a few echoes with intensity Z = 104'0
mm6 3 were visible at 300 to 310 degrees and approximately 70 miles.
There was very little apparent motion during the remainder of the morn-
ing, while the line was orientated along the Connecticut river valley.
The storms appeared to move across the ridge to the east of the valley
and dissipate. Through late morning and early afternoon the line moved
eastward and intensified, and by 1400 EST it was orientated along a line
which extended from the north northeast to the south southwest.
The majority of the data taken before 1400 EST was AN/CPS-9 PPI
contours, since the storms were weak and the range was too great for ef-
fective RHI following. The line became more intense as the afternoon
progressed and was most intense between 1530 and 1630 EST. Maximum Z
values were 10 mm /m and the maximum tops reached heights greater
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thAn 45,000 feet. The tops of the weaker cells ranged from 25 to 33,000
feet. A few reports of j/4 to 3/8 inch hail during the times of maximum
Z values observations were received. The relatively weak reflectivities
and sparse hail reports agree well with Geotis' (1961) empirical relation
between Z values and hail expectation.
In the early afternoon as surface heating increased there seemed to
be a larger number of small cells scattered within the region of the line.
It is probable that the surface heating triggered the additional storms.
The cells rapidly become organized into larger complexes in the line as
the period of maximum intensity was reached. The maximum intensity occurred
at the time of maximum surface heating as was observed in Case 1, 28 June.
Later in the afternoon the storms began to lose strength, especially as
they reached the coastal region, and by 2000 EST the line of weak, rapidly
dissipating showers was orientated roughly along the coast line. Radar
observations were discontinued shortly after this time.
Motion
The line and the cells within it moved in a well defined manner and
the over all features seem to agree well with the results of other inesti-.
gations of squall or instability lines. Fig. 16a shows the position of
tne major axis of the line at approximately one hour time intervals from
1453 to 2010 EST. The northern portion moved at 13 mph all afternoon,
while the southern end moved with the same speed until approximately 1630
EST when it began to drag back and become almost stationary as the coastal
region was reached. After 1800 EST the line of storms was aligned with
the wind flow aloft as shown by the Portland, Maine 1900 EST sounding
(Table II) and was weak and disorientated at 2000 EST.
Many of the individual storms could be tracked for several tens of
minutes as they moved across the line. Fig. 16b shows the tracks of
several of the cells. Cells A and B could be identified over the longest
period of time, and, as seen by their tracks, they moved parallel to
each other at 248 degrees and 25 mph. The vertical structure of these
two cells will be discussed laterin this section, but they were the most
intense cells to be observed during the line's life time. Generally only
the more intense storms could be tracked long enough to get a reliable
estimate of their velocity. Through mid-afternoon cells in the northern
part of the line moved at 240-50 degrees at 25 to 35 mph, while cells
to the south moved at 230-40 degreep at 30 iAh. The most intense cells,
such as A and B Fig. 16b moved about 10 mph slower than the weaker cells.
In fact, during the period when the core intensity was maximum, Z =
5.0 6 310 mm /m , cell B appeared almost stationary; then it continued its
movement as to began to weaken. Near the end of the line's life, cells
moved almost directly along the line, however they were weak and motion
was difficult to determine. The motion appeared to be approximately 220
degrees at 35 mph. In all cases considered, the motion of the individual
cells was strongly dependent upon the upper level wind flow.
Structure
The horizontal presentation of the radar showed a line of storms
which varied in width from approximately 10 to 30 miles. The storms ex-
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hibited little tendency to form outside the narrow confines of the
line after it was formed. There were storms of various intensities
embedded, apparently in a random fashion, within the line, although
there were at any given time, approximately six more intense or major
storms which seemed to form the structure of the line. These major
storms are more clearly presented by the SCR 615-B PPI display. The
AN/CPS-9 observations showed a host of smaller cells and in some cases
further divided the major storms into sub-cells. An example of the
difference in complexity is shown in Fig. 17. The major storms were
spaced more or less evenly along the extent of the line. There is a
tendency for the storms to be orientated in rows across the main line,
with rows lying along the direction of individual cell motion (see Fig. 17).
Thus, there seems to be a marked tendency for new storms to form in
the wake of the older storms and move across the line in the same track.
The smaller, weaker cells are more randomly spaced within the line. It
is probable that the storms themselves create regions within the main
line that are richer in moisture content and are more favorable to new
storm development. If this is the case storms that form on the back side
of the line in the track of an older storm are more likely to develop
into a major storm, since they are growing in more favorable conditions
and will remain in the line for the longest period of time. The time
required to move across the line is approximately one hour, which is the
same order as the life of the major storms.
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These results might suggest that storms form on the back edge of
the line and move across it under the influence of the upper level winds.
Yet weak storms or thundershowers are observed throughout the line, and
this is especially so during the early phases of the squall line's life
when its appearance is much less organized. This would suggest that
storms are free to form anywhere within the line. Thus, storms that form
on the leading edge would be swept out of the preferred zone in a short
time and obtain very little growth, while storms that form further back
would have more time within the bounds of the zone and would have more
time to go through a normal life cycle as they moved across the frontal
zone. The latter storms are probably the ones that are observed more
readily. Further, as the storms move across the line and become more
intense, they probably redistribute the moisture content within the line
and indeed form paths that are more favorable for future storm develop-
ment. This procedure could account for the observation that squall or
instability lines become more organized with time. It also suggests that
the major storms, which form the basic structure of the line and can be
tracked for time periods on the order of one hour, do form in the rear
of the line, while other storms may form randomly throughout the line and
not complete a normal cycle.
The individual cells appear on the RHI as narrow towers extending to
20 to 30,000 feet in the case of the weaker storms and to 40 to 45,000
feet for the intense storms. Cell diameters varied from 3 to 10 miles,
and, although the exaggerated vertical scale of the RHI makes them appear
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as narrow towers, their width and height were almost equal.
It was extremely difficult to follow the individual cells through
their life cycle and obtain a complete series of RHI cross-sections,
thus the continuity was best obtained through study of the PPI data.
It was only in retrospect, after the PPI pictures had been transferred
to contour maps and carefully studied, that cell motion and life could
be deduced. RHI cross-sections were taken at various intervals along
the line to determine the general vertical structure, rather than to
attempt to follow a particular cell. The cross-sections in Fig. 18
present a typical picture of the more intense storms (Storms A, Fig. 16b).
The structure is fairly simple with two cores extending from the base
of the storm, and tops extending above 40,000 feet. The contours have
been reduced to lines of constant liquid water content, which may be
used to estimate the total amount of water within the cell, if the storm
is assumed to be a cylinder. No hail could be attributed to this storm
from actual reports, however the radar observed reflectivities
indicate that it probably did produce some small hail pellets.
The structure of some weaker cells which occurred during the same
time period as the storm represented in Fig. 18 is shown in Fig. 19.
These storms have bases less than five miles in diameter and appear to
be able to force only small weak spires to heights greater than 25,000
feet.
Fig. 20 shows cross-sections of the most intense cell to be observed.
This cell was apparently responsible for 1/4 to 3/8 inch hail and in con-
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trast to the other storms gives the indication of a more intense core
aloft. The vertical contours are also more closely spaced.
In the late afternoon after 1700 EST the average cell height was
approximately 25,000 feet and the vertical contour spacing was broad
with the major portion of the liquid water epparently confined to the
lower levels, mostly below 15,000 feet. The energy necessary to force
the storm tops to 40,000 feet seemed to be gone. Fig. 21 presents the
appearance of the dissipating storms' structure. In cases where echoes
are observed above 30,000 feet the moisture seemed to be settling out.
The cores were wider and less well defined than in the case of the in-
tense storms. It is probable that the moisture was being spread into
stratified cloud layers in the middle levels of the storms, but clouds
of this nature could not be observed with the SCR 615-B.
Additional Comments
The storms described in this case exhibited an almost steady state
pattern made up of a complex distribution of precipitation echoes lo-
cated within the frontal zone. The pattern was least organized in the
early stages of development, but it became more organized as the line
intensified with cells developing on the back side and moving across
the line in what appeared to be preferred tracks. Later as the storm
approached the coastal region it became diffused and broken into ill-
defined patches of fairly uniform echo intensities.
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The stability of the overall storm pattern was indicative of the
existence of a strong highly organized large scale Airculatiori pattern.
The strong wind flow pattern which existed during the period was also
suggestive of an organized large scale energy transfer.
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Case III, 18 July 1963
This case was considered mainly because of one storm, which ap-
parently was one of the most intense hail storms of the season. Unfor-
tunately, very few RHI observations were taken on this day; however,
SCR 615-B PPI contour data covers the whole period and a few cross-
sections of the interesting storm were taken at 1430 and 1530 EST.
This particular storm appears to have been one of the so called "steady-
state" storms, or as close to it as was observed during this study.
Synoptic Situation
The large scale surface features which existed at 1300 EST, 18 July
are shown in Fig. 22a. The weak wave centered in northeastern New York
State was moving northeastward at approximately 35 knots. A strong
southwesterly flow east of the cold front and south of the warm front,
which extended through Massachusetts, had advected a large amount of
warm moist air into the New England area. The 0700 EST Albany, New York
and 1300 EST special MIT upper soundings showed the moisture rich air
reaching the 250 mb level. The average wet bulb potential temperature
was approximately 18 to 20 degrees centigrade. The temperature soundings
were not extremely unstable, yet there was a fairly steep lapse rate ex-
tending to the 400 mb level (see Figs. 22c and d). The Showalter index
was - 1, indicating probable thunderstorm occurrence.
The upper level wind flow through the northern United States was
zonal, and the winds over New England were 280 to 310 degrees at all
levels above 700 mb with a maximum of 70 to 80 knots at the 250 mb level.
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The straight zonal flow is indicated at 500 mb in Fig. 22b, while the
maximum wind field at 1900 EST over New England may be seen in Fig. 23.
There was no large variation in the wind direction with height, but
the speed increased from 20 to 25 knots in the lower levels to the maxi-
mum of 70 to 80 knots for one of the stronger wind shear cases observed
in the study. The compiled winds for various levels are tabulated in
Table (III) along with the tropopause height and freezing level.
Radar Observations
General
The thunderstorms that occurred during the afternoon of the 18th
were scattered within the warm moist air located to the south and east
of the weak surface frontal position. At 1330 EST only three echoes
were observed on the PPI display within maximum range of 120 miles. The
features of these storms are quite different from other storms that
formed later in the afternoon and, therefore, they will be discussed
individually later in the section.
By 1500 EST a large number of cells began to form. One area of
storms was located to the northwest at approximately 80 to 90 miles,
apparently east of the center of the frontal wave. The maximum in-
5.5 6 3te-nin.ty of these storms reached approximately Z = 10 5 mm /m and they
probably produced a large hail fall. A few hail reports were received
from the area although the region is on the extreme fringe of the radio
and television coverage for alerting voluntary observers. Due to the
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great range, these storms were not studied further. Other cells began
forming at approximately the same time along a line which extended from
010 degrees,60 miles to 230 degrees, 70 miles, while these storms did
not appear as a definite line at any given time, their plotted tracks
did give the appearance of a line as seen in Fig. 23. It is noteworthy
that the region formed by the individual tracks lies along what appeared
to be a weak seabreeze convergence zone (see Fig 24).
Over 200 hail reports were received at MIT for the afternoon and
the majority of them were reports of hail from two storms. The reported
sizes ranged from i to nearly 2 inches, and golf ball size was a common
report.
Individual Storm Descriptions
The tracks of three storms are shown in Fig 23 and labeled A, B and
C. These storms were the most interesting to be observed during the
case. Storms A and B were responsible for almost all the hail reported,
and it is likely that C produced hail at about the same size and rate,
based on observed Z values; however its track is outside the area where
reports are usually received.
Storm A
This storm was observed for 40 minutes during which time the maxi-
6.0 6 3
mum intensity was 10 mm /m . No RHI cross-sections are available for
the storm. The echo first appeared on the PPI presentation at 1520 EST
5.4 6 3
with maximum intensity of Z = 10 mm /m and by 1540 EST the core in-
6.0 6.5 6 3
tensity was between Z =10 and 10 mm /m followed by a rapid drop
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4.7 6,-3
after 1600 EST to below minimum detectable signal of 10 mm /,m3 (The
storm was at 55 miles range and the radar was not particularly senti-
tive during this case). 45 reports of hail fall during the period from
1530 to 1600 EST were received with maximum stone size 11 inches in dia-
meter. The storm moved on a heading of 280 degrees at approximately 30
mph, and had a life period on the order of 40 minutes to one hour. The
motion and life time are approximately the same as that observed for the
weaker storms that occurred during the afternoon in contrast to storms B
and C.
Storm B
At 1331 EST two cells were observed in the northwest quadrant, 300
to 310 degrees at 45 to 50 miles range. Their motion is shown in Fig. 23.
The two cells moved as individual storms for an hour and then joined to-
gether to form one complex at 1440 EST. From that time the storm com-
plex moved on an average heading of 300 degrees at 20 mph. Hail reports
were received all along the storm's track from 1350 EST until it dissi-
pated at 1720 EST. The storm apparently laid a continuous path of large
hail during its life period.
The storm's motion was almost parallel to the maximum upper level
winds as seen in Fig.23 and was directly along the surface warm front
as positioned in Fig. 22a. The motion is approximately 40 to 50 degre' s
to the right of the tracks of the other storms that occurred in the vi-
cinity.
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The vertical structure of Storm B was observed only at 1430 and
1530 EST. The structure at 1430 may be seen from Fig. 25. Here two
major cells are shown with the maximum tops exceeding 40,000 feet and
at least one minor cell is evident in the 1432 EST cross-section. It
should be noted that there are no maximum cores aloft, rather they ex-
tend directly to the base of the storm, and that, although tilt is dif-
ficult to determine due to the exaggerated vertical scale, the core that
extends to 30,000 feet in the 1432 EST cross-section seems to slope to-
wards the radar. The strong upper level winds are blowing almost directly
along the radar beam from the west northwest. The core intensity was Z =
5.5 6 310 mm /m and at 1415 EST 3/4 x 1 1/8 inch hail was reported from the
storm complex, (Note, the RHI contours in Fig 25 were taken with the nor-
mal SCR 615-B presentation and the absolute Z values were estimated from
corresponding iso-echo PPI contours).
The vertical structure was observed again at 1525 to 1530 EST when
the storm was only a few miles north of the radar. Four cross-sections
(see Fig. 26) were taken using the signal level quantizer. These were
spaced each 2 degrees from 004 to 010 degrees across the storm (Total
slice approximately 2 miles wide). The structure is more complicated
than before since more detail is observed at the closer range.
5.5 6 3The maximum cores, Z = 10 mm /m , appear "stair stepped" toward
the radar site or the core seems to slope toward the radar. Each core,
however, is straight in the vertical. Now the motion of the storm com-
plex is out of the plane of the cross-section and the radar beam is
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slicing across the storm track as shown in the diagram. The upper
level winds are also parallel to the motion of the storm
N
RADAR
BEAM
,STORM
- - -,TRACK
and it seems possible that the cores might slope eastward, downNind.
A similar slope seems to appear in the 1432 EST cross-section (see Fig 25).
Hail was consistently reported ahead of the PPI radar echo indicating
that the stones were carried forward faster than the lower level core.
If the cores do slope eastward with height, a core which is located on
that west side of the radar beam at the surface would slope into the
beam as the elevation angle is increased. Likewise, if echo is located
on the east side of the beam, the core would appear in the lower levels
and not be observed as the beam is elevated. Thus, the apparent sloping
toward the radar shown in this series of cross-sections could be ex-
plained by a group of two or three cells that slope downwind. Unfor-
tunately, sufficient RHI data necessary to actually describe the vertical
structure are not available.
In summary storm B was in existence approximately 4 hours, moved
80 miles at an average speed of 20 mph on a course parallel to the maxi-
mum upper level wind flow and deposited hail almost continuously during
its life time. The maximum intensity was fairly steady at Z = 105.0 to
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5.5 6 3
10 * mm /m and the tops exceeded 45,000 feet at 1530 EST. The storm
appeared to maintain the quasi steady-state condition as a result of
some connection with the upper level maximum wind flowin contrast to
other storms that formed in the same region.
Storm C
Storm C was observed from 1330 to 1520 EST during which time it
exhibited features almost identical to those of storm B. It moved 30
miles at an average speed of 20 mph along the direction of the maximum
5.7 6 3
upper level wind flow and the average maximum intensity was Z = 10 mm /m
One vertical cross-section was taken of the storm at 1433 EST when it
was located at 263 degrees and 68 miles. Due to the range very little
detail was observed, but the tops appeared to exceed 50,000 feet.
The storm seemed to move in a steady-state condition nntil 1520 EST
when it apparently broke apart and was replaced by several smaller, less
intense cells that moved on a heading of approximately 260 degrees, a
shift in direction of about 30 degrees.
Minor Storms
Various other storms were observed during the afternoon after 1500
EST, but their characteristics were much different from storms As B and
C. Tracks of several of the storms are shown in Fig 23. The life of
these storms varied from 20 minutes to one hour and they moved at 250
to 260 degrees at 25 to 30 mph, with the mean wind flow at 700 mb and
5.0 6 -3
below. None of the storms exceeded a maximum intensity of Z = 10 mm /m
and only a few instances of hail, } to 3/8 inches in diameter, were
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reported. There was no RHI data taken on any of these storms and thus,
the vertical structure is unknown.
Additional Comments
There appeared to be some mechansim by which a storm such as storm
B becomes associated with the large scale circulation and is able to
maintain a more or less steady-state condition for several hours, in
contrast to the majority of storms that form in the same vicinity. The
stronger storms were capable of producing large hail almost continuously
and they appear to be steered by the maximum wind flow.
A weak region of convergence, possibly the seabreeze front, seemed
to form a preferred region for the formation of weak convective storms,
which moved with the mean winds at 700 mb and below, had a life span of
from 20 minutes to one hour and were capable of producing only a few
isolated casof small hail. The vertical structure of these storms was
not explored.
B. Air Mass Cases
Case IV, 14 July 1963
Synoptic Situation
A cold upper trough extended southward from a closed low centered
east of Foxe Basin, northern Baffin Island through the Great Lakes
region. A closed surface low was located just east of Lake Huron with
an occluded frontal system extending southward from the center (see Fig.
27a). The warm moist air ahead of the frontal system had spread over
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the New England area.
The upper level flow over New England varied from southerly to
southeasterly through out the troposphere at 0700 EST and shifted to
the southwest during the next twelve hours as a short wave trough moved
through the major trough and across New England (see TableIVforwinds).
There was no upper sounding taken at MIT during the period of radar ob-
servations, but the Nantucket soundings at 0700 and 1900 EST seemed to
be representative of the air mass over the area of radar coverage (see
Figs. 27c and d).
The moisture layer extended to the 300 mb level with a wet bulb po-
tential temperature of 16 to 18 degrees centigrade. The temperature
ounding was unstable, but an inversion was present at approximately
600 mb and effectively capped the positive energy area as shown by the
hatcbed area, Fig. 27d. The convective storms showed the capping effect
of the inversion very clearly, since high reflectivities were concen-
trated in the level between 12,000 to 13,000 feet, the height of the
base of the inversion and the cloud tops rarely reached 25,000 feet.
The freezing level was located at 10-13,000 feet.
The air mass temperature and moisture structure was clearly indicative
of convective activity during the afternoon and the short wave trough
added to the instability.
Radar Observations
General
Radar observations were begun at 1357 EST and at that time a line
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of loosely spaced storms extended from 355 degrees, 85 miles to 220
degrees, 90 miles from the radar site. The showers were almost ran-
domly spaced in the northwest quadrant; however, the echoes seemed to
contain two or three sub-cells in the early afternoon. The complexes
became more complicated later in the afternoon with some containing
more than six smaller cells. The motion of the complexes in the northern
portion of the line was difficult to determine, since there was a con-
tinuous growth and decay of the individual cells resulting in a rapid
fluctuation of the overall dimensions of the complexes. The individual
complexes appeared to move along the line while the total mass of the
showers to the north of the radar site remained stationary until 1600
EST when it moved eastward at approximately 25 mph.
The complexes that formed to the southwest were less complicated
and their movement could be determined (see Fig. 28). Movement was
from the southwest at 30 to 35 mph. The life span of a complex could
not be determined exactly, but it was apparently one to two hours.
The thunderstorms appeared to have the overall character of regu-
lar air-mass convection and, when viewed with the AN/CPS-9, a broad
region of weak convective showers extended through the western section
of the radar display. The stronger cells did lie roughly in a line,
which was more apparent from the SCR 615-B presentation.
It appears that the line of stronger echoes was orientated below
the position of the short wave trough, which apparently produced a
more unstable layer of air below the 600 mb level by the advection of
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cool dry air from the southwest at approximately the 700 mb level. The
position of the axis of the line of storms at various times during the
afternoon is shown in Fig. 28.
Vertical Structure
The storms did not extend to great heights and the maximum inten-
5.1 6 3
sities did not exceed Z = 10 mm /m and in most cases were less than
4.8 6 3
Z = 10 mm /m . Storm tops averaged from 20 to 25,000 feet with some
storms reaching 30,000 feet in the far western edge of the area of ob-
servation. The maximum tops appeared to become lower as the storms
moved eastward.
Fig. 29 shows a series of cross-sections of a complex that moved
across the radar site. The cells were about 2 to 4 miles in diameter
and the highest reflectivities were concentrated below 15,000 feet. The
maximum reflectivity core was located about 12 to 13,000 feet which was
the height of the capping inversion and above this height the intensity
dropped rapidly.
Additional Comments
The showers that occurred during this case were the result of air
mass heating and were intensified by the movement of a weak trough through
the area. Storm growth was capped by a stable stratification above ap-
proximately 13,000feet, which tened to trap a core of liquid water in
the level below the inversion at 10 to 15,000 feet.
Many storm complexes formed roughly in a line associated with the
position of the upper level trough, maintained themselves on the order
-52-
of one to two hours, and moved to the northeast at 25 to 35 mph. The
co~mplexes were made up of many sub-cells that were continually growing
and decaying with a life period of approximately 20 to 40 minutes.
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Case V. 25 July 1963
Synoptic Situation
The upper air flow over the eastern half of the United States was
sluggish with weak cyclonic flow around a weak cold low centered in
Mississippi and anticyclonic flow around a weak warm core high centered
in eastern New York. The resultant flow over New England was weak north
to northeasterly flow (Table V). The Bermuda high was centered at 33
degrees north 60 degrees west and a ridge extended from its center west-
ward into the Great Lakes region. The frontal tracks were forced north-
ward into Canada (Fig. 30a).
The vertical structure of the air mass over New England is shown by
the 0700 EST Albany, New York, Portland, Maine (see Figs. 30 c and d).
The, noisture advected into the area from the northeast around the high
system, and, therefore, was not as abundant as was observed in cases when'
the flow was southwesterly. A lower layer of moisture (wet bulb potential
temperature 18 degrees centigrade) extended to the 600 to 700 mb level
followed by rapid drying above. The 0700 EST Albany, New York sounding
showed dry air above 500 mb, while the moisture (wet bulb potential tem-
perature 18 degrees centigrade) extended to 300 mb over Portland, Maine.
The temperature lapse rate was 2 degrees per 1000 feet to approximately
the 700 mb level and between 700 mb and the tropopause, 37,000 feet, it
followed the 20 degree centigrade pseudoadiabat.
The air mass structure indicated that thunderstorms were probable,
yet the lack of moisture in the upper levels would tend to limit the
growth.
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Radar Observations
At 1531 EST a loosely spaced line of thunderstorms was orientated
from the northwest quadrant to 35 miles south of the radar site (see
Fig. 31). Thunderstorms formed in this line through the remainder of
the afternoon until after 1730 EST when the majority of the activity
had ceased. The line was most intense and contained the largest number
of storms at 1600 EST. It is curious that the storms would form in such
a well defined area when the air mass characteristics were approximately
the same over a much broader area. If surface heating alone triggered
the storms, they would be expected to be scattered through out the air
mass. The stream lines of the surface wind flow indicated a weak con-
vergence line along the position of the thunderstorm line (see Fig. 31).
Thus, the storms seem to receive an additional source of energy from
the low level sea breeze convergence zone.
The region of storm formation did not move during the afternoon and
there was little if any motion of the individual storms. They appeared
to go through the life cycle described by Byers and Braham (1949) with an
average life of about one hour. The storms were usually composed of one
to three cells which ranged from one and a half to four miles in diameter.
The most intense cells extended to heights greater than 45,000 feet, and
produced intermittent hail during the most intense phase.
The life periods of three storms are discussed below to illustrate
the vertical structure and life cycle as deduced from the PPI and RHI
records:
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Storm 1
This storm was the most intense one observed in the vertical. It
first appeared on the PPI display at 1538 EST at which time the core
5.0 6 3intensity was Z = 10 mm /m . The intensity remained fairly steady at
4.8 5.0 6 35.Z = 10 to 10 mm /m until 1603 EST when it increased to Z = 105.
6 -3
mm /m . The first RHI cross-section was taken at 1614 EST when tae core
5.8 6 3intensity was Z = 10 mm /m which was probably the maximum attained
by the storm and by the next observation at 1617 EST the core intensity
5.4 6 3had dropped to Z = 10 mm /m . The intensity decreased steadily until
observations were stopped at 1645 EST. The series of RHI cross-sections
(see Fig. 32) shows the decay period/ Three hail reports were received
between 1610 and 1620 EST as a result of this storm. This time period
corresponds to the time that maximum reflectivities were observed. The
sizes ranged from 1/8 to 1/2 inches with a few stones reaching 1 inch
diameter. The report for 1610 EST estimated the winds associated with
the storm at 50 to 60 mph; however, the reliability of the estimate is
not known.
The storm was observed for one hour and seven minutes and its most
intense period lasted about ten minutes and occurred about thirty minutes
after it was first observed. Judging from the PPI observations, approxi-
mately 4 to 6 storms of this intensity occurred during the afternoon of
this case.
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Storm 2
This storm apparently had similar characteristics to those observe'
for storm 1, although a complete record was not available. The dis-
sipating stages of the storm's life are shown in Fig. 33. The total
life period was approximately one hour. Hail reports indicate that A
to i inch hail fell from this storm for five to ten minutes with heavy
rain for approximately one half hour. The total life was about one hour
with the hail fall occuring half way through the period.
Storm 3
This storm was first observed at 1720 EST and was located just east
of Providence, Rhode Island at the head of the Narragansett Bay. It
remained stationary and in an apparent steady-state for 55 minutes. The
maximum height was 40,000 feet with an average of 35,000 to 40,000 feet.
The majority of the other storms had dissipated by the time this storm
had formed and it was apparently the result of converging local wind flow
up the narrow bay. Fig. 34 shows a series of cross-sections of the storm.
Additional Comments
The storms were the result of air mass instability and afternoon
surface heating, although they preferred to form in a well defined region,
presumably within the weak sea breeze convergence zone. The individual
storms were rather simple, contained from one to three cells, had an
average life of about one hour and reached a maximum intensity of Z =
5.5 6 3
10 mm /m , which was maintained for about 5 to 10 minutes. The cells
appeared as tall towers with diameters from one and a half to four miles,
extending to 45,000 feet in the most intense phase.
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Case VI. 28 July 1963
Synoptic Situation
The major feature in the upper air pattern was a weak cold trough
extending from central Ontario southward to northern Texas. A weak
low was centered just off the Virginia-North Carolina coast resulting
in a weak, variable wind flow over New England. The winds were west
northwesterly at 10 to 15 knots up to the 500 mb level, swinging to
the southeast at 30 knots above the 300 mb level (see Table VI).
A surface low and cold frontal system was associated with the upper
level trough in central Canada and the United States, and a weak ridge
extended from the southeastern states eastward into the Atlantic. The
weather pattern over New England was rather dormant with no frontal
activity in the area (see Fig. 35a).
The moisture pattern over New England was shallow, confined to the
lower levels. The Albany, New York and Portland, Maine 0700 EST upper
air soundings appear to be representative of the region of thunderstorm
activity. The Albany sounding showed an average wet bulb potential tera-
perature of 18 degrees centigrade below a subsidence inversion located at
the 600 mb level followed by fairly rapid drying above the inversion.
The moisture layer, wet bulb potential temperature 17 degrees centigrade,
extended to the 700 mb level with rapid drying above on the Portland
sounding. Both the Albany and Portland temperature sounds followed the
21 to 22 degree centigrade pesudoadiabatic (see Figs. 35c and d).
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The air mass temperature and moisture structure indicated the pos-
sibility of weak convective activity.
Radar Observations
At 1454 EST an area of scattered weak thundershowers was located
in the north northwest sector of the radar presentation within 60 miles
range. The storms were weak single or double celled echoes with dia-
meters from li to 3 miles, average tops reaching about 23,000 feet and
4.2 6 3
maximum intensities of Z = 10 mm /m . The life period ranged from 20
to 50 minutes with motion to the southeast at approximately 7 mph. Fig.
36 shows a series of cross-sections through one storm's life.
There was little change in the activity until 1600 EST when the
storms formed into a line orientated roughly north-south. The south
end was west of the radar site at 20 miles while the north end was lo-
cated at 340 degrees, 35 to 40 miles. Two complexes of 3 to 4 cells
each formed the major part of the line and persisted through the remain-
der of the afternoon until about 1830 EST when the line dissipated. The
southern portion of the line remained stationary while the northern com-
plex drifted slowly ( about 6 mph) eastward. The line probably formed in
a region of weak convergence as a result of the sea breeze effect. Once
the line had formed storms did not occur outside of the well defined area.
Another line of storms formed at 1600 EST in the Connecticut river
valley and remained in the same position for about two and a half hours
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until the storms dissipated. These storms were not observed in the
vertical due to the greater distance.
Vertical Structure
The vertical structure of the scattered cells that existed ran-
domly in the northwest quadrant was extremely simple. The cells ap-
peared as narrow columns extending to 20,000 to 25,000 feet with the
cores (Z = 10 mm /m ) occupying the major part of the storm. Actually
the SCR 615-B could "see" only two intensity levels in these storms
and at ranges of 40 to 50 miles little detail could be observed.
When the line formed at 1600 EST the two major complexes offered
a more interesting picture, since they were more intense and closer range.
These two complexes will be discussed separately below:
Complex I
Complex number one was located in the northern part of the line and
was observed over the period from 1520 to 1800 EST. In the beginning
there were two Separate cells that joined into the complex at 1606 EST
and from that time there was a combination of cells varying from two to
four in number. The intensity of the complex seemed to surge between
4.0 6 3 5.0 6 3
approximately Z = 10 mm /m and 10 mm /m Apparently one cell would
dominate the complex for a period of from 20 to 40 minutes during which
time it would grow to a maximum height then die rapidly. The most active
part of complex's life was the period between 1630 and 1730 EST when the
maximum tops reached 45,000 feet. The surging growth of the complex is
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shown in Fig. 37a where the maximum reflectivity and maximum tops are
plotted against time. The growth-decay process is also seen in the series
of vertical cross-section in Fig. 38.
The cross-sections show an elevated core aloft just as the storm
reached its most intense phase, followed by a weakening of the storms
maximum intensity. This sequence is exactly that explained by Byers
and Braham (1949) where the growing storm lifts liquid water and ice
upward until the buoyancy forces are over come by the gravitational and
frictional forces, and growth is reversed and decay begins. The cells
of this complex decay rapidly and the mature stage is apparently less
than five minutes.
Complex II
Complex II made up the southern portion of the line and remained sta-
tionary through its life period. The complex formed at 1600 EST and lasted
until after 1800 EST. Its general characteristics were the same as those
for Complex I, except that it was slightly weaker and was formed of from
one to two cells. The individual cell appeared to go through the same life
cycle as described above, giving the complex a pulsating character. Fig.
37b shows the maximum intensity and storm tops plotted against time, and
some typical cross-sections showing cell life cycle are shown in Fig. 39.
Additional Comments
The storms that occurred during this observational period were simple,
weak air mass showers. Although they first appeared in a random fashion
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northwest of the radar site, a line was formed by 1600 EST, probably
in a weak convergence line resulting from the sea breeze flow.
All the cells appeared to go through a life cycle analogous to
that described by Byers and Braham (1949). Even the individual cells
that formed the larger complexes demonstrated this character. In the
building stages the cores were forced upwards with the most intense re-
flectivities located in the top of the core - a simple example of the
mature stage is shown in Fig. 40. After the maximum intensity was
reached dissipation came rapidly with an almost immediate drop in maxi-
mum reflectivity. The cores were erect with no noticeable tilt and very
little horizontal motion as would be expected with the weak upper wind
flow.
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Case VII (Air Mass), 29 July 1963
Synoptic Situation:
The general synoptic pattern was little changed from the conditions
that existed on the 28th of July. The upper level trough and accompanying
surface frontal systems had moved eastward and intensified in the northern
portion (Fig 41a). The trough extended from a closed center, located on
the eastern shore of the Hudson Bay at 60 degrees North, southward through
the Great Lakes region. The frontal system had occluded with the central
surface low center just east of the James Bay, and the cold frontal portion
extended southward through Lake Erie then southeastward into the central
United States where it became weak and stationary. The weak closed upper
level low that was located off the Virginia coast had filled and only a
very weak trough remained.
As the cyclonic system approached the New England area, the upper
level winds began to shift further to the west and become more organized,
although they still remained weak. The lower level flow, below 500 mb,
was southwesterly at 15 to 20 knots, while the flow was becoming north-
westerly at 10 to 20 knots above 500mb (Tab VI). Generally the winds
were fairly light and variable over the New England area, thus this was
a weak shear case.
The temperature and moisture structure is shown by the 1538 EST MIT
sounding (Fig 41c and d). The moisture layer extended to the 300 mb level
with a wet bulb potential temperature of 24 degrees centigrade at 850 mb,
decreasing to 20 degrees C between 700 mb and 300 mb. The temperature
lapse rate was steep, decreasing 27 degrees between 850 mb and 500 mb, and
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the Showalter index was and unstable -5. The air mass was ripe for
thunderstorm activity.
Radar Observations
General
When the radars were first turned on at 1250 EST, an area of
.5.8 6.0 6 3intense (z = 10 to 10 mm /m ) thunderstorms was observed in the
northern portion of the radar display. The majority of the storms formed
a line orientated from 335 degrees, 50 miles to 005 degrees at 85 miles,
while a few storms were scattered around the line. The storms appeared to
be triggered, or at least partly so, by the low level wind flow up the
rising terrain and scattered hills located in the area. The topography
of the region is shown in figure 42 together with the 1300 EST surface
streamlines. There was a slightly converging flow from the south over the
1000 to 2000 foot hills in the position where the storms were occurring.
The most intense storms to be observed occurred during the first
hour of radar observation, while the line was oriented along the eastern
slopes of the small hills. Gradually the line moved eastward and began
to weaken. By 1348 EST the southern part of the line had dissipated and
the highest intensity in the remaining cells was 10 mm /m3. By 1440 EST
the complete line had dissipated, after moving approximately 22 miles to
the east at 15mph. The individual cells appeared to move east northeast
along the line, but the internal structure changed so rapidly that the
cell's life history could not be determined.
As the first line was moving east and dying out, a new line began
forming at 1410 EST. The new line was less intense and orientated further
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south. Two complexes located at 305 degrees,. 40 miles and 335 degrees.
50 miles made up the main structure. The northern complex was the most
intense and long lived of the two; and it formed in the exact position
where the southern portion of the old line had been first observed. The
4.7 6 3
new line maintained a maximum intensity of z = 10 mm /m and moved
eastward at about 15 mph in much the same manner as its predecessor. By
1600 EST all the activity had dissipated except for the northern complex,
4.7 6 3
which was still composed of two cells of maximum intensity Z = 10 mm /m
This complex continued its eastward motion and gradually dissipated by
1630 EST.
The storms that occurred, while basically the air mass type,
formed in more or less preferred bands or lines, which appeared to be
triggered by a combination of surface heating and gentle orographic
lifting of the low level air flow as it moved up the hilly area north
and northwest of the radar site. The air mass thunderstorms that occur
in the area of radar do not seem to form in a strictly random manner, but
show preferred areas of formation, based on a combination of the low level
convergence field (sea breeze effect) and local topography.
Vertical Structure
The continuity of the individual cells that formed within the
larger complexes could not be maintained for any period of time, and,
therefore, cross-sections were taken across the most intense parts of the
larger storm mass. The individual storms seemed to follow the same pattern
as observed in previous cases. They grew upward increasing in intensity
until the maximum height was attained, and then rapid dissipation followed.
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The cells that occurred in the early afternoon in the first
line were some of the most intense to be observed in this study. Only
one intense cell occurred along the line at a given time, and it appeared
to dominate the line. The combined RHI and PPI data indicates that the
most intense storms had a life period of 50 minutes to one hour possibly
even longer in the complete formation and dissipation process could be
followed. The maximum tops reached to more than 45,000 feet with diameters
of 5 to 10 miles.
The RHI sequence in figure 43 shows one intense cell during
thirty minutes of its life. In the first cross-section (1251 EST) the
storm has not yet reached its maximum intensity. The top is just above
40,000 feet and the maximum core (z = 10 6.0mM 6/m 3) extends to 25,000 feet
directly in the center of the storm. By 1254 EST the top is above 45,000
feet and the intensity at the top has increased from z = 103.6 to 104.2
6 3MM 3. If the contours are thought of as lines of constant liquid
water content, it is seen that water or ice was being forced upward rapidly.
Ten minutes later the central core intensity has dropped from z = 106.0 to
5.5 6 310 mM /m and the contour gradient is much weaker, although the top is
still higher than 45,000 feet. Four minutes later at 1310 EST the cell
is much weaker, the top is beginning to descend and the core intensity is
5.0 6 3
z = 10 mm /m . These cross-sections demonstrate clearly the short period
of time required to change the growing stage into the decaying phase. Once
the buoyant forces have been overcome by the gravitational and drag forces
the building process is reversed and the storm dies with somewhat the
same speed with which it grew.
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The process is again observed in figure 44 where the dissipation
process is shown at ten minute intervals during a portion of a cell's life.
The cross-section at 1324 EST shows the cell in its most intense stage,
where it appears as a tall cylinder nine miles in diameter, reaching
above 45,000 feet. Actually, the storm is almost exactly as wide as it
is high so the tall narrow look is somewhat misleading. It is important
to observe that the maximum core extende almost to the top of the storm
indicating that the highly reflecting concentrations of particles are
being lifted and suspended in the upper reaches of the storm. This
cross-section appears to show the time of the cell's life when the upward
vertical currents are arrested prior to the reversal in direction.
Ten minutes later the outside characteristics of the cell appears
little changed, but inside the maximum core has decreased in strength
6.0 5.5 6 3from Z = 10 to 10 mm /m with an evident shift downward. In effect
the intense portion of the storm seems to be draining out, and probably
the vertical currents are directed downward resulting in a continual
dissipation until the storm can no longer be observed. As the old cell
loses its intensity other cells spring up and the process is repeated
over again many times during the life of a complex of storms.
No hail was reported from the storms that occurred during this
case, but it is almost certain that heavy hail was associated with the
more intense storms especially those described above, since their maximum
6.0 6 3intensities were z = 10 mm /m which has proved in the past (Geotis 1961)
to be an extremely good indication of hail. The storms formed in rela-
tively unpopulated areas and short periods of hail fall are likely to go
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unobserved. The weaker cells that occurred later in the afternoon did not
exhibit reflectivities indicative of hail.
The complexes of storms that occurred during the afternoon
following the first hour of maximum intensity demonstrated the same
pulsating growth and decay features that have been noted in previous
cases. In general, the more intense complexes are composed of a large
number of cells while the weaker ones are composed of from one to two
cells. The plot of maximum storm tops and core reflectivities verses
time for the northern most complex of the second line is shown in figure 45.
The maximum tops occur during periods of maximum reflectivity and the
growth-decay sequence is shown.
Additional Comments
Air mass thunderstorms, apparently partly triggered by weak
orographic lifting, occurred along the line of low hills in the north
and northwestern area of the radar coverage. While not all the storms
formed in well defined lines, the major portion of the activity was
confined within two lines which formed along the rising terrain and moved
eastward at 15 knots until the storms dissipated. The storm complexes
were formed of several individual cells and had a life period from one
and a half to two and a half hours.
The life cycle of the individual cells appears to conform to
that described by Byers and Braham (1949), yet the mature stage seems to
be quite short, on the order of 5 to 10 minutes. The storms seem to
decay at about the same rate that they form and the reversal takes place
rapidly. It is also notable that, as the most intense phase is reached,
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the maximum reflectivity core is forced into the upper portions of the
storm.
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V. Discussion
The seven cases described in the preceding section each displayed
interesting features, which in many instances were similar throughout
all cases. These more or less general characteristics will be discussed
in this section.
Storm Development
A particular combination of atmospheric conditions is necessary for
the formation of thunderstorms. There must be conditionally unstable air
of relatively high moisture content and some mechanism by which the in-
stability can be released. Basically, the instability of a layer in the
atmosphere may be increased by cooling the upper portion and warming the
lower. This may take place by any of the following means: (1) surface
insolational heating, (2) radiational cooling of the upper levels, (3)
advection of warm air at low levels, and (4) advection of cold air at high
levels. The advection of potentially cold air aloft over moist potentially
warm air in the low levels is an ideal combination for producing the in-
stability necessary for thunderstorm development. Before the storm will
develop, however, the low level air must be lifted vertically until it is
in a region of colder environemntal air. Then the warm air will continue
its upward motion in an unstable manner. The initial lifting may be the
result of convective currents that are set in motion due to surface heating,
the flow of air over terrain features or a frontal slope, or horizoqtal con-
vergence.
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The storms that were described in this study seemed to form as the
result of a combination of events. The large scale atmospheric motions
appeared to be the major factor in producing the instability within the
air mass. Moisture was advected into the area by the low level wind flow.
For instance as a cold trough and surface frontal system approaches New
England from the west, the upper level winds are shifted to the west or
southwest, depending on the orientation of the upper trough. This results
in the influx of moisture, and the wet bulb potential temperature reaches
a maximum in the warm air ahead of the front. By the time the system
reaches New England the moisture level may extend to the 300 to 250 mb level.
Thus, a supply of potentially warm moisture-rich air has been advected over
the area. A strong westerly flow in the upper levels of the troposphere
may advect potentially cold dry air over the less dense air below creating
additional instability.
As the frontal system moves eastward through New England, it provides
the lifting action which triggers thunderstorms in the frontal zone. Case
II, 8 July 1963, was a fairly clear example of the above procedure. Air
mass storms may occur as the moist, unstable air begins its flow into the
area as in cases III, VI and VII. In every case the storms were apparently
affected by a combination of surface heating, local topography, sea breeze
convergence, and/or frontal convergence.
Preferred Regions of Storm Development
In all seven cases the storms showed a marked tendency to form in
well defined or preferred regions. The region was apparently the frontal
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zone in cases I and II as would be expected. Case III was classified
frontal, but the majority of the storms observed occurred in the warm
air ahead of the front. In case II the individual storms showed a marked
tendency to move across the frontal zone in preferred paths. It is prob-
able that the storms redistributed the moisture within the line as they
were swept across it by the strong upper level winds leaving a moisture
rich wake which was favorable for new storm developemnt.
Air mass storms joined together in lines or bands and did not form
in a random fashion as is characteristic of such storms. This tendency
appears to be the result of a combination of sea breeze convergence and
and local topography. The air mass storms that formed during Case V
were located in a stationary line which coincided with an apparent con-
vergence zone of the surface wind field (see streamline analysis Fig. 31).
The minor storms that occurred in Case III seemed to form and move across
a weak sea breeze convergence zone (see Figs. 23 and 24). Also the most
intense line of storms observed in Case VII formed along the line of hills
located about 55 to 60 miles north of the radar site (see Fig. 42a). The
streamline analysis at 1300 EST (see Fig. 42a) indicated a converging flow
from the south up the hills. Once the southerly flow shifted to the west,
as seen in 1700 EST streamline analysis (see Fig. 42b) the storms formed
further south and were less intense.
Storm Complexes
The majority of the echoes observed in this study could be classified
as storm complexes. That is they were formed of a number of smaller sub-
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cells. The sub-cells, as distinguished by the SCR 615-B, were subdivided
further by the better resolving AN/CPS-9 (For comparison see Fig. 17).
Fig. 34 shows the cross-section of a weak storm, observed with the AN/
CPS-9, that showed only two intensity levels on the SCR 615-B. The cross-
4.0 6
section indicates that even this weak storm (Z no greater than 10 mn /
m 3) was formed of a complicated combination of sub-cells. Therefore, the
sub-cells observed by the SCR 615-B are composed of smaller cells, which
are probably made up of even smaller cells.
The large complexes could be observed for several hours, and might
be thought of as being in a somewhat quasi-steady state condition. For
instance the complex described in Case I was observed for over five hours.
The individual cells seemed to have life periods on the order of one hour,
yet they were difficult to follow from inception to complete dissipation.
The growth and decay of the individual cells within a complex gave it a
definite pulsating character. As a particular cell developed it seemed
to grow at the expense of the others, and, after reaching its maximum in-
tensity, it decayed rapidly and was replaced by several small, weaker cells.
This pulsating character was repeated over and over during the life of a
complex. The complexes observed in Cases I, VI and VII demonstrated this
trait. The PPI series shown in Fig. lla displays the sequences, while the
plots of maximum storm height and reflectivity against time for three com-
plexes observed in Case VI and VII, (see Figs. 33a, 33b and 45) indicate
the pulsating feature.
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It may be inferred that as a complex intensifies, it becomes more
organized and compact and that it is formed of one or more major cells.
As the complex weakens it becomes less organized and is formed of a mul-
titude of weaker cells. Indeed, the AN/CPS-9 shows a host of small con-
vective cells in complexes that are almost too weak to be observed by
the SCR 615-B.
The Structure and Life Cycle of Individual Cells
The individual cells as determined by the SCR 615-B vary a great
deal in size and intensity. The size varied from one to ten miles in
diameter and from 20,000 to 50,000 feet in height, and the life periods
ranged from 20 to 90 minutes. The storms appeared to build upward in
tall spires and dissipated in much the same cycle described by Byers and
Braham. Figs. 38 and 43 show portions of the growth cycle. It was dif-
ficult to follow a storm through its entire life with RHI cross-sections
and more data was taken of the dissipating stages. Figs. 32, 33, 39, 40
and 44 show the dissipating part of the cycle. The storms were observed
to increase in reflectivity and height for the first half of the life
cycle until a maximum intensity was reached. The period of maximum in-
tensity was rather short, lasting only 5 to 10 minutes. Reports of hail
fall could be correlated to those maximum intensity periods in Cases I,
II and V. During the building stages the RHI contour spacing became
closely spaced and the center intense core was forced upward into the
storm. After the maximum was reached the core seemed to drain out rapidly
leaving the over-all dimensions of the storm the same or even larger, but
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the contour spacing was much broader and the core was less intense.
The storm cell may be visualized as lifting a concentration of
liquid and solid water upwards then releasing it as the gravitational
forces overcome the buoyancy forces. If the cell is assumed to be a
cylinder, an estimate of the suspended water can be made. An estimate
of the water content of the storm shown in Fig. 38 was made at 1635
EST and at 1645 EST after dissipation. At 1635 EST the storm contained
approximately 4.8 x 1011 gms of water or an average of 1.0 gm/m3 for
the whole storm. The maximum core contained 2,5 gm/m3 . Later at 1645
EST the total water content was approximately 4.5 x 1011 gms or an
average of 0.6 g/m3 and the maximum core intensity was only 1.0 gM/m .
In this ten minute interval the overall volume of the storm increased
11 3 11 3 10
from 4.8 x 10 m to 7.4 x 10 m and about 3.0 x 10 gms of water
was lost. If we suppose that all the lost water appeared as rain, the
corresponding rainfall rate was approximately 5 mm/hr which is about
half the value that would be expected by converting the PPI contours
to rainfall rates. It appears that the RHI cross-section at 1635 EST
did not represent the maximum intensity and therefore the maximum water
content was probably somewhat higher than calculated. The total water
content for the right hand cell in the 1645 EST cross-section of Fig.
39 was estimated to be 2.8 x 1011 gms with an average concentration of
3 3
0.6 gm.m The maximum core intensity was approximately 1.0 gm/m3
The above storms are fai.rly weak. A more intense storm that occurred
in Case VII and is shown in Fig. 43 was estimated to contain 1.2 x 1012 gas
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of water at 1254 EST and later at 1310 EST it contained 0.6 x 1012 gms.
This loss corresponds to a rainfall rate of approximately 55 to 60 mm/hr,
which is about the same value as that estimated from the PPI contours.
In this case it seems that the intense core drained out of the stor* in
the form of rain. It is also probable that a much larger percentage of
the remaining water, after the first initial downpour remained in the
atmosphere as vapor or cloud particles. The observed maximum water con-
tent in the storm was about 6.0 gm/m3 , while the average through the
total volume was 2.0 gm/m3 . At 1310 EST after dissipation the maximum
core intensity was 2.5 gm/m3 with an average value of 0.8 gm/ . It
must be emphasised that the above calculations are no more than rough
approximations of the actual water content within the storm. They do
give an idea of a storm's ability to force a concentration of particles
upward through the atmosphere.
The dimensions of the storms indicate that they are about as wide
as they are tall. This fact is easily obscured when RHI cross-sections
are studied, because of the greatly magnified vertical scale. The con-
tour spacing appears exceedingly close and the overall storm looks like
a long needle extending upward. With such a misconception it would be
easy to think of a jet of air forcing its way upward with little inter-
ference from the environment, except at the outside boundaries. Yet a
storm which is ten miles in diameter must displace, modify, or carry
along envirornental air from over a horizontal cross-sectional area of
approximately 80 square miles. It seems reasonable to think of vertical
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currents streaming upward through the stationary environmental air in
a large number of intermingling filaments or strands. The currents
probably build their war upward in a growth-decay sequence, such that
each current modifies environmental air with additional moisture and
upward momentum before it is overcome and thereby makes it easier for
the following currents to grow further upward. The result would be a
distribution of up and down drafts which would form a mean upward motion
during the growing stage of the storm cell. Gradually, as the storm
cell grows, the center currents, which would be less affected by the
mixing and drag of the environmental air, would attain the maximum velo-
cities. This center region appears on the radar as the maximum core.
The SCR 615-B shows a long care frowing upward into the tubular
storm with no large amount of complexity. This picture, of course, is
greatly averaged due to the poor resolving power of the radar. If the
storm is observed visually at close range from an aircraft flying around
or over it, it is quite evident that the storm is growing upward in a
complicated entanglement of cloud formations. The top, when not shielded
by a cirrus veil or anvil, appears as a large cauliflower with turrents
and knobs of cloud boiling up all over the dome of the storm. The cloud
top seems to boil as it is forced upward through the atmosphere. The
sides of the cloud are not well defined walls, but are composed of thin
strings of cloud which may form in rolls around the storm and enclose
large, cavernous pockets of clear air. As the center of the storm is
approached the cloud formations are more dense and compact. If flight
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is continued into a storm, the aircraft is subjected to up and down
drafts in rapid succession and control can be maintained only by holding
the airplane attitude constant and riding with the gusts (American Air-
lines, 1949). As the storm begins to dissipate, the top becomes more
placid and vertical strings of cloud may be seen extending upward above
the main body of the top as if the receding storm had left tiny paths of
moisture behind in its rapid retreat. The sides begin to extend out-
ward in the middle levels of the storm as stratified layers.
If the inner structure of simple storm cells that are observed by
radar are actually as complicated as indicated above, it seems reasonable
to believe that the smaller inner currents of air could carry hail stones
up and down, recycle them from one current to another, and in general sus-
pend them in a quasi-steady upward motion as the storm grows. Then a
storm that grows for 30 minutes would seem to have ample time to produce
fairly large stones, depending on the intensity of the inner cores. The
small intense currents might be on the same order of magnitude as the
"hail spikes" reported by Geotis (1961). It certainly does not seem ne-
cessary to think of these small currents as extending vertically through
the storm. The currents along the outer edges are probably tilted away
from the center of the cell by the greater mixing and frictional drag of
the environmental air on the outside edges of the storm.
In summary, the individual cells as observed by the radar appear to
grow through a cycle much like that described by Byers and Braham (1949).
Their life periods ranged from 20 to 90 minutes and they varied greatly
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in size. These cells joined together or formed side by side to make
the larger thunderstorm complex and might be termed the "building blocks"
of the larger storms. It can be inferred further that these so called
simple cells are formed of a complicated flow of smaller currents that
could support the formation of hail stones without requiring any notice-
able tilt of theindar core.
Storm Intensity
The storms observed in this study were not particularly intense. The
6.0 6.3 6 3
maximum observed Z values ranged from 10 to 10 mm /m and equally
intense reflectivities were observed in air mass and frontal storms. The
maximum Z values usually persisted for only a few minutes and in Cases I,
II and V hail fall was reported for the periods of time that the radar ob-
servations indicated maximun Z values. The most common sized hail reported
for the above cases was J to J inch in diameter, but some 1 to li inch
stones were reported. Storms A and B, Case III, produced a much greater
hail fall over a longer time period, but they did not exhibit any higher
core reflectivities than many other intense storms observed during the
study.
In all cases except Case VII in which the storms were affected by
local orographic lifting the most intense convective activity was ob3erved
between the 1500 and 1700 EST during the time of maximum surface heating.
This result was expected since the surface insolational heating warms the
lower levels and provides additional instability.
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In five cases where the storms moved in an eastward direction they
lost intensity rapidly as they approached the coastal region. This was
probably the result of a combination of factors: (1) the land altitude
drops off rapidly as the coastal region is approached; (2) the wind flow
off the cooler water cools the lower levels of the atmosphere and has a
stabilizing effect; and the storm systems, observed in this study, reached
the coast in the late afternoon when the additional instability due to
surface heating was beginning to be lost.
Stolm Motion
In all cases the motion of the storms was determined by the mean wind
flow in levels through which the storms extended. The tracks that were
observed in Case II are shown in relation to the position of the major
line by Fig. 16a and b. Fig. 28 presents a similar display of the storms
that were observed in Case IV. The weak storms that occurred in Case III
appeared to move with the mean wind at and below 500 mb, while the more
intense hailstorms, A, B and C moved almost parallel with the maximum
winds at 250 mb.
Increased Reflectivity Aloft
Donaldson (1961a) reports that elevated cores aloft are indicative
of severe storms. He concludes that, "Extremely large values of Z' are
rare and are almost always observed above altitudes of 20,000 feet."
Here Z' is equivalent reflectivity and extremely large values are Z' =
7 63 7 63
10 mm /m . The implication is that, since Z' = 10 mm /m indicates large
hail and a mass concentration in the order of 10 gm/m3, the high reflectivity
-80-
cores are the result of a greater concentration of hailstones stored
near the up draft maximum in the upper region of the storm, It would
seem that only the most intense storms could support such a concentration.
Bailey (1962) did not find evidence of maximum cores aloft and in fact
raised serious doubts as to the validity of any measurements taken of
extremely severe storms with 3 cm radar, which he and Donaldson were both
using.
The results of this study do not answer the question. The majority
of the inner cores seem to extend upward from the base of the storm as
in Figs. 44 and 45, but in several instances there apparently wasa.slightly
more intense core aloft (see Figs 12, 20, 29, 38 and 40). These storms
were not particularly intense. The most intense hailstorm, storm B, Case
III, did not appear to have a maximum core aloft, (see Figs 25 and 26)
although the RHI continuity on this storm was very limited. Since no re-
flectivities of Z' = 10 mm /m were observed, it is not possible to deter-
mine from the results of this study even whether such reflectivities exist,
let alone what their distribution would be.
The Possible Effect of Wind Shear On Storm Growth
In an inert atmosphere storm cells seem to grow and decay in a definite
cycle. The unstable air forces its way upward through the environment until
it is finally halted by gravitational and frictional forces of the surroun-
ding air, and the growth is followed by rapid decay. It appears that the
storm cell that grows in a region of little horizontal wind motion has its
life limited by at least two factors: first, the gravitational and drag
forces tend to retard its growth and eventually overcome the buoyancy forces
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and, secondly, by its own motions it decreases the instability of the
atmosphere by raising the less dense air in the low levels bringing down
the colder air.aloft.
Storms that develop in wind shear may have the two restrictions
partially lifted. The strong relative winds in the higher levels aid
in removing the concentrations of mass from the top of the storm and thus
removes the barrier from the updrafts. They also sweep the warm moist
air that is brought up from the low levels downwind from the storm and
continually replace it by dry potentially cold air thereby maintaining
the instability of the atmosphere in the vicinity of the storm. Under
these circumstances it appears that a storm complex could be maintained
at a high intensity for a much longer period of time.
VI CONCLUSION AND SUGGESTIONS FOR FUTURE RESEARCH
Observations of thunderstorms that occurred in the New England area
during the summer months of 1963 were taken with a 10 cm radar. These
measurements are more dependable than those taken with shorter wavelength
radars, since they are virtually free from the errors of attentuation, and
therefore the intensity, structure, position and motion of severe storms
can be determined more accurately.
Seven interesting storm situations for which fairly complete data
existed were selected for detailed analysis and study. RHI vertical
cross-sections and PPI contour maps were prepared from the photographs
of the iso-echo contours. The contour intensity levels were converted into
terms of the reflectivity factor Z (mm6 3 ) which could easily be con-
verted to rainfall rates or liquid water content through the empirical re-
lations of Marshall and Palmer (1948). The vertical cross-sections and
contour maps were then placed in chronological order so that the structure
of the storms could be studied throughout their life histories. In each
storm situation the radar observations were studied together with the
large scale synoptic weather features.
The results of the study indicate that convective storms are made
up of a host of small sub-cells which grow and decay at varying rates
depending on the size of the cells. The storm cells that are detectable
on the SCR 615-B (radar used in this study) appear to follow a life cycle
very much like that proposed by Byers and Braham (1949). The life of the
cells apparently ranged from 20 to 90 minutes with the maximum intensity
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occurring approximately at the mid-point and lasting only 5 to 10 minutes.
The dimensions varied from one to ten miles in diameter and 20,000 to 50,000
feet in height. The cores of the intense cells appeared to contain approxi-
mately 6 g/m3 of water while the weaker storms contained from 1 to 2 g/m 3
The individual cells grouped together to form larger thunderstorm com-
plexes which appeared on the PPI contour maps as a complicated mass of echo
cores of different intensities (see Fig. lla). The thunderstorm complexes
showed a definite tendency to form in well defined areas or preferred re-
gions. These regions were apparently determined by several factors acting
individually or in combination: (1) the convergence and instability of
frontal zones; (2) localized areas of convergence resulting from the sea
breeze effect and from unequal surface heating over the irregular terrain
features; and (3) the land and sea temperature and moisture contrast. The
motion of the storms was determined by the mean wind flow in the levels
through which the storms extended.
The results of studies such as this one seem to be useful in at least
two areas:
First, they offer a valuable aid in developing techniques which will-
allow a forecaster to specify, more accurately, the probable locations and
severity of the storms that occur within his local area. For instance the
interesting storm situations that are observed in a given area could be
analysed in the same manner as the seven cases of this study and placed in
categories according to the synoptic weather pattern. The sample of storms
could be increased until they would have statistical meaning and information
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about the effects of local small scale features on convective activity
could be determined. The object of this type of study would be to ob-
serve storms over a wide area to locate the preferred areas of storm
development - decay and the time and place where intense storms are
likely to occur for a given weather pattern.
Second, the problem of determining the small scale structure of
the individual cells that compose the larger storm complexes can be
explored with the objective of determining the concentrations of ve-
locities, mass and particle size spectra. Problems of this nature have
barely been touched in this study, however the 10 cm radar observations
are valuable in studying these characteristics. They produce a set of
actual observations to which numerical models of small-scale convection
can be compared. They also appear to be useful in determining the water
and energy budgets of the storms, since the liquid water content and
precipitation rates can be estimated, althbugh it is probable that the
empirical relations for converting radar reflectivities will need re-
fining. In any study concerned with the deduction of the inner struActure
of the cells, radars with high resolution are necessary, and the obser-
vations should be focused on one storm complex to obtain close continuity
from the stords first appearance to its complete dissipation.
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FIGURES AND TABLES
Table (I) Upper Level Winds 28 June 1963
IDL
0700 EST
330/5
300/10
270/10
290/30
280/25
280/25
293/35
290/25
260/15
ALB
1900 EST
240/15
300/05
230/15
280/12
270/25
290/40
280/40
300/15
0700 EST
310/10
290/15
300/30
290/25
290/35
290/40
260/40
260/25
1900 EST
190/04
100/06
290/10
230/25
280/26
280/45
280/55
280/48
290/55
ACK
0700 EST
310/05
300/20
310/25
290/30
280/25
290/30
280/30
290/30
260/25
1900 EST
130/10
280/04
310/10
270/17
280/40
300/30
300/40
300/40
300/25
* All wind speed and direction values are in degrees and knots.
Lvl
Sfc
880
700
500
400
300
250
200
150
PWM
0700 EST
0 30/10
330/06
310/20
310/30
300/40
290/40
290/40
290/40
280/45
1900 EST
130/10
280/05
280/10
320/25
290/30
290/60
290/70
290/65
300/30
Table (II) Upper Level Winds 8 July 1963
I DL
0700 EST
280/10
230/25
240/25
260/30
260/35
260/45
260/75
260/70
270/35
ALB
1900 EST
(missing)
0700 EST
250/20
250/35
240/40
240/55
230/65
230/60
260/40
250/35
ACK
1900 EST
250/25
210/30
250/65
250/80
260/105
250/70
250/60
230/50
0700 EST
170/10
280/25
220/15
240/25
260/35
240/45
250/45
260/55
250/35
1900 EST
150/20
220/25
220/20
270/25
260/45
250/45
240/65
250/60
250/40
* All wind speed and direction values are in degrees and knots.
Lvl
Sfc
850
700
500
400
300
250
200
150
PWM
0700 EST
220/25
230/25
240/30
230/40
220/40
230/30
230/45
250/50
1900 EST
M
210/60
2.O1/65~
230/45'
250/25'
Table (III) Upper Level Winds 18 July 1963
0700 EST
240/5
290/20
290/30
280/35
280/20
280/45
290/50
300/55
300/30
PWM
1900 EST
220/15
230/15
280/25
290/45
290/45
280/70
300/80
230/80
280/45
* All wind speed and direction values are in degrees and knots.
I DL ALB
Lvl
Sfc
850
700
500
400
300
250
200
150
0700 EST
270/15
260/10
260/10
250/25
230/35
270/35
290/45
290/45
300/25
1900 EET
220/15
28'0/15
283/20
320/20
300/25
300/35
290/40
300/50
300/35
0700 EST
230/10
270/20
270/25
270/30
230/40
230/50
280/55
290/55
290/35
1900 EST
300/05
270/25
270/20
300/35
290/45
300/45
310/70
280/65
290/55
ACK
1900 EST
240/ 20
250/15
270/10
300/30
300/30
290/45
290/55
290/55
290/40
MIT
1327 EST
240/15
200/20
280/35
2/0/35
2'70/50
280/60
285/40
Table (IV) Upper LeveL Winds 14 July 1963
I DL ALB
1900 EST
180/25
210/35
240/50
240/45
240/45
240/45
240/45
250/45
250/35
0700 EST
160/10
180/20
180/20
150/30
150/55
150/35
130/45
340/15
ACK
1900 EST
180/40
210/45
260/40
260/40
250/40
240/45
260/35
2S0/20
0700 EST
180/10
200/20
190/35
190/50
160/55
170/70
170/75
170/75
150/20
1900 EST
190/20
220/30
220/35
230/50
240/60
250/60
250/65
270/55
260/40
* All wind speed and direction values are in degrees and knots.
Lvl
Sfa
850
700
500
400
300
250
200
150
0700 EST
220/10
230/15
220/20
210/20
190/20
170/35
200/05
310/05
280/10
PWM
0700 EST
200/05
180/20
200/25
180/35
170/40
170/45
170/40
160/30
140/10
1900 EST
180/05
230/25
230/25
2>20/25
240/25
260/75
270/70
240/30
240/15
Table (V) Upper Level Winds 25 July 1963
IDL ALB
1900 EST
2k0/10
020/02
020/102
360/10
O1O/10
330/20
360/25
010/ 20
020/15
0700 EST
2,.0/5
050/5
060/5
050/10
020/2
320/15
360/20
010/25
010/20
ACK
1900 EST
190/5
350/3
130/5
320/10
320/5
360/20
020/25
020/30
020/20
0700 EST
260/20
0G0/5
120/5
070/15
120/10
11.0/5
140/5
070/5
350/10
1900 EST
250/20
060/5
020/20
030/10
040/15
020/10
350/20
010/20
360/15
* All wind speed and direction values are in degress and knots.
Lvl
Sf
850
700
500
400
300
250
200
150
0700 EST
290/05
090/5
030/5
030/10
020/20
040/35
040/30
040/30
040/20
PWM
0700 EST
330/15
340/10
340/20
040/20
310/10
310/15
030/20
340/15
340/20
1900 EST
220/10
310/15
070/5
360/5
360/10
340/15
010/35
010/30
260/15
Table (VI) Upper Level Winds 28 July 1963
I DL ALB
1900 EST
250/15
2C0/5
330/5
040/02
070/20
050/25
340/30
330/20
070/15
0700 EST
260/5
310/10
300/15
300/15
120/5
150/5
140/45
130/ 35
120/20
1900 EST
140/5
260/5
350/02
020/02
120/05
360/5
290/10
160/15
070/10
ACK
0700 EST
240/15
260/5
280/10
310/5
080/20
120/25
100/60
120/50
1 L/30
1900 EST
210/10
240/10
280/02
140/10
130/15
130/10
170/20
140/25
100/10
* All wind speed and direction values are in degrees and knots.
LvIl
Sfc
850
700
500
400
300
250
200
150
0700 EST
340/10
340/10
330/15
360/08
080/20
090/25
120/30
110/30
090/25
PWM
0700 EST
290/5
290/5
320/10
270/10
240/15
180/25
170/30
140/20
180/5
1900 EST
190/10
280/10
300/5
190/5
270/5
120/5
160/30
140/25
170/10
Table (VII) Upper Level Winds 29 July 1963
I DL
0700 EST
270/10
280/15
290/10
230/5
190/02
030/10
020/25
ALB
1900 EST
200/15
220/20
220/20
260/05
290/15
330/25
320/30
340/25
360/15
0700 EST
190/05
230/10
260/20
220/10
160/10
010/5
330/20
360/20
290/05
ACK
1900 EST
230/25
230/25
220/20
250/20
280/15
290/20
310/10
270/10
0700 EST
210/15
220/10
280/10
190/10
170/15
170/25
170/30
180/15
170/10
1900 EST
210/25
240/25
230/15
210/10
160/10
150/15
150/10
180/05
020/05
* All wind speed and direction values are in degrees and knots.
Lvl
Sfc
850
700
500
400
300
250
200
150
MIT
1538 EST
PWM
0700 EST
200/05
230/15
250/10
180/15
14o/1o
200/20
200/20
160/10
180/10
240.20
205/05
205/10
135/15
075/05
35 5/0 5
01
225/02
f Letzmcnn /930
d. Brooks /922
Fig. 1. Thunderstorm models proposed by some earliex writers. (Froir Ludlam, 1963)
e. SInpson 1924
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Fig. 2. Idealized cross-sections through a simple thunderstorm cell. (After Byers and Braham, 1949)
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Fig. 3. Three-dimensional model
(From Ludlam, 1963)
/
Liz
0
of the Workirigham storm.
Ck
100km
STORM MOVING FROM LEFT TO RIGHT
Fig. 4. Three-dimensional airflaw model of a cOnvective
storm within a strongly veered environment. (From Browrging,
'#63)
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Fig. 5a. Photographs of RHI iso-echo contours of a storm at 3560 azimuth,
1324 EST, Case VII (see Fig. 44 for constructed cross-section).
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Fig. 5b. Photographs of RHI cross-
sections taken with the signal level
quantizer of storm B, Case III
(see Fig. 26).
Fig. 5c. Photographs of RHI dis-
play at various gain settings of
storm cell B, Case II (see Fig. 20).
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Fig. 6. Plot of relations for rainfall ia to the reflectivity factor 1 4(Z = 20OR 1 6
from Marshall and Palmer, 1948, Z = 486R from Jones, 1956, Z = 219R from
Sivaramakrishnan, 1961)
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Fig. 7. Example of structure distortion as the result of beam spreading.
(From Donaldson, 1961b)
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Fig. 8a. Surface Chart Fig. 8c.
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Fig. 8b. 500 mb Chart Fig. 8d.
(The surface and 500 mb charts and those that follow are from the U.S.
Weather Bureau Daily Weather Map series.)
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Table (VIII) Contour Calibration, 28 June 1963, for Figs. 9, 11, 12, 13 and 14.
Contour Z mm6 3  M gmr n3  R mmn/hr
103.4 0.3 5
103.8 0.5 9
104.3 0.9 13
- - - - - - - - 104. 8  1.6 35
S - - 15.3 3.0 75
1058 6.0 160
106.3 11.0 300
-105-
Orientation of the line of storm echoes at 1426 EST, Case
-106-
IFig. 10. Plot of surface hail reports for Case I.
- 107
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Fig. lla. Series of PPI contours of a storm complex of
Case I during its intense phase. Note hov one cell apparen ly
dominates the complex at 1508 EST.
Fig. lb. RHI cross-sections across the complex shown
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F g. 12. RIII cross-section of hailstorm, Case I.
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Fig~. 13. ~Sdries of RHI cros--sections taken with the signal level quantizer at 1652 EST through the
complex described in Case I.
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Fig. 13. Continued
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Fig. 14. Series of RHI cross-sections taken at 1733 EST of the same complex shown in Fig.
Notice the decrease in storm intensity.
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Fig. 14. Continued
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Fig. 15a. Surface Chart
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Fig. 15b. 500mb Chart
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Fig. 16b. Motion of individual storm centers
for Case 11.
Fig. 16a. Positions of storm line during the
afternoon of Case II.
Table (1X
Contour
) Contour Calibration, 8 July 1963, for Fig. 17.
Z mm6 n3 3 R mnVh
103.2 0.2 4
10 3.6 0.4 7
104'0 0.6 11
104'4 1.0 20
l'34.6 1.3 30
104'9 2:0 50
r
N()o 0
O I0.0,~ 'M P 2o
Fig. 17. An example of the difference in complexity between the observations 
taken with the AN/CPS-9
and the -SCR -615-B- for the storm line-in Case^ II. The major axis of the storm complexes 
seemed to be
orientated in the direction of the individual cell motion (see Fig. l6b)
Table (IXb) Contour Calibration, 8 July 1963, for Figs. 18, 19, 20 and 21.
Contour Z mm6 /M 3  M gnVm3  R mnVhr
- * 103.0 0.2 3
0104.0 o.6 10
10 4'4 1.0 20
10 4.6 1.3 30
105.0 220 50
10 5&.31 3.0 75
-1,22-
40
Fig. 18. RHI cross-sections
Cell A, Case II.
across the storm complex that contained
-1I23 -
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Fig. 18. Continued
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Fig, 18. Continued
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Fig. 19. RHi cross-sections of some weak storms along the line in Case I!
during the life of cell A.
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Fig. 2. RHI cross-sections of cell B, case II at its maximum intensity.
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Fig. 21. RHI cross-sections across the line of Case II during the
dissipation stage. -Ngtice the broad contour spacing and flat storm tops.
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Fig. 21. Continued
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Fig. 22b. 500 mb Chart
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Fig. 23. Maximum upper level winds and storm tracks for Case III.
Winds arp for the 250 mb level at 1900 EST except for those for MIT
which were taken at 1327 EST. The dotted lines indicate the tracks
of the hailstorms A, B and C, and the solid lines show the tracks of
the weaker storms. Note how their tracks fall in a well defined line
which corresponds to the line of convergence in Fig. 24.
- 32-
Fig. 24. Surface streamline analysis for 1500 EST, Case III.
Tablq (X) Contour Calibration, 18 July 1963, for Figs. 25 amd 26.
Contour Z mm6 /M 3  M gm/m3  R mr/hr
10 4 0.6 10
104.5 1.1 20
10 5.0 2.0 50
105.5 4.0 100
106.0 8.0 200
-134-
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Fig. 25. RHI cross-sections of storm B, Case III.
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Fig. 26. RHI crosse-sections of Storm B, Case 111 at 1530 EST.
- 1236-
40
35
25
20
5 10 15
Fig. 26. Continued
40 008*
35-
30 \
25-{
20-
15-
\\K
/*
5 10
Fig. 26. Continued
-138-
5 10 15
Fig. 26. Continued
35
30
25
- j r~-
TEMP -C
ACK 14 JULY 1963 0700 EST
Fig. 27a. Surface Chart
/ -'---. ,
/ ~
/
'S J
N
4 JAY 1963 '900EST
Fig. 27c.
- 40- - 30 -20- -10- 0- 10
TEMP *C
ACK 14 JULY 1963 1900 EST
Fig. 27b. 500 mb Chart
I ~I
so
20
Adm
Fig. 27d.
-140-
Fig. 28. Solid lines show the axis of the line of intense storms
observed in Case IV. Broken lines are the tracks of three storm
complexes.
Table (XI) Contour Calibration, 14 JuLy 1963, for Fig. 29.
Contour
-. - - -
Z mm6 M3
10 2.6
103.2
103.6
104.0
104.5
-10 4.8
10 5.1
M g/m3
0.1
0.2
0.4
0.6
1.0
1.6
2.1
R mn/hr
2
4
7
12
25
35
50
30
25- 244* 380
1523 280
20 -
100
105-
U / I
5 0 15 5 10 15
Fig. 29. RHI cross-sections of a complex of Case IV be fore* and after it past the Boston area. The tops
are relatively low and there appears to be a concentration of reflectors in the middle levels of some of the
storms.
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Fig. 29. Continued
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ig. 31. Streamline analysis and echo position at 1600 EST, Case V.
he mean position of the line of storms during the afternoon is shown
y the broken line.
Table (XII) Contour Calibration, 25 July 1963, for Figs.
Contour Z mm6 3
-. . -
-
103.0
10 3.7
10 4.3
104'7
- - - - - - - - 10 5.1
105.4
105.8
M gm/m 3
0.2
0.4
0.9
1.5
2.4
3.6
6.0
32 amd 33.
R mnVhr
4
8
18
30
55
85
150
-148-
18 20
Fig. 32. RHI
Case V.
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cross-section of the dissipating stages of a storm cell,
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Fig. 32. Continued
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Fig. 33. RHI cross-sections of the dissipating stages of a storm cell,
Case V.
-152-
I~ I\
20-
15---
5 
-. 
)
35 40 35 40 35 40 35 40
Fig. 34. RHI cross-section of a weak storm observed with the AN/CP&-9,
10s mm /The cotours ae noiscalibrated, but the core intensity was
10~~i'J 1.m;m onteSR65Bioeh otus
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Fig. 35b. 500 mb Chart
Fig. 35a.
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Table (XIII) Contour Calibration, 28 and 29 July 1963, for Figs.
Contour Z mm6 3
103.6
104.2
10 4'7
-- - - - - - - 10 5.0
105.5
105.8
M gm/m 3
0.4
0.8
1.5
2.2
4.0
6.0
36, 37, 38, 39, 43 and 44.
R mm/hr
7
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50
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Fig. 36. Example of a simple one cell storm observed 
in Case VI.
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Fig. 37b. Plot of maximim storm tops and reflectivity to time for complex II, Case VI.
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Fig. 38. Sequence of RHI cross-sections showing the
storm cell in complex 1, Case VI.
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Fig. 39. RHI cross-sections across complex II, Case VI.
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Fig. 40. RHI cross-sections of the dissipating cycle of a small singled celled storm.
-163-
Surface Chart
TEMP "C
AtL 29 JULY 1963 0600 EST
Fig. 41c.
29 AY 1963 190 EST
-30 -20 -10- 6-
TEMP *C
M IT 29 JULY 1963 1536 EST
so- Wo I
Fig. 41b. 500 mb Chart
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Fig. 42a Local topography map.
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Fig. 42b. Surface stream line analysis, Case VII.
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Fig. 43. RHI cross-section of a portion of the growth-decay cycle of a
storm observed in Case VII'.
Fig. 44. RHI cross-sections of the decay cycle, Case VII.
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Fig. 45. Plot of the maximum storm tops and reflectivity to time for a storm complex, Case VII.
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